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Introduction 


Veterans  of  the  first  Gulf  War  are  twiee  as  likely  to  develop  amyotrophie  lateral  selerosis 
(ALS)  as  the  general  population.  ALS  is  a  debilitating  neurodegenerative  disease  that 
typieally  affiiets  both  upper  and  lower  motor  neurons,  and  eauses  widespread 
degeneration  throughout  the  eentral  nervous  system.  The  disease  is  thought  to  affeet 
axonal  transport,  beeause  neurons  with  the  longest  axons  appear  to  be  most  vulnerable. 
During  the  Gulf  War,  soldiers  were  exposed  to  a  number  of  different  ehemieals  ineluding 
pestieides,  drugs  to  proteet  against  nerve  agents,  and  botulinum  toxin  vaeeine.  Any  of 
these  ehemieals,  potentially  in  eombination  with  one  another  or  with  the  stress  of  the 
military  operation,  eould  have  triggered  the  degenerative  nerve  disease  in  these  soldiers. 
Unfortunately,  the  number  of  veterans  of  the  Gulf  War  eomprise  too  small  of  a  eluster  to 
study  environmental  effeets  potentially  eontributing  to  the  onset  of  ALS.  Therefore,  we 
proposed  to  use  a  reeently  established  animal  model  to  determine  whether  the  various 
ehemieals  to  whieh  the  soldiers  were  exposed  during  the  Gulf  War  may  diminish  the 
vitality  of  axonal  transport,  whieh  eould,  in  turn,  eontribute  to  nerve  degeneration 
underlying  ALS.  Our  overall  hypothesis  was  that  the  pathology  mainly  affeets  the 
meehanisms  of  slow  axonal  transport,  whieh  is  the  movement  of  the  eytoskeletal 
elements  themselves,  as  opposed  to  fast  axonal  transport,  whieh  is  the  movement  of 
membranous  organelles  along  the  eytoskeletal  elements.  We  posited  that  the  primary 
defieit  is  to  slow  the  frequeney  of  the  transport  of  miero tubules.  Our  objeetives  were  to 
test  this  hypothesis  and  test  potential  experimental  approaehes  for  alleviating  the  defieits 
that  we  identify. 


Body 

There  are  many  reasons  why  we  felt  that  pursuing  these  studies  eould  be  very  benefieial. 
The  primary  reason  was  to  develop  strategies  for  helping  the  veterans  of  the  Gulf  War  to 
live  a  higher  quality  of  life.  In  addition,  we  felt  that  new  information  on  the  etiology  of 
the  disease  would  be  valuable  for  understanding  how  to  better  proteet  soldiers  (as  well  as 
other  eitizens  exposed  to  potential  toxins)  in  the  future. 

Our  study  plan  was  somewhat  risky,  whieh  is  why  we  only  asked  for  one  year  of  funding 
under  the  Exploration/Hypothesis  Development  eategory.  Our  plan  was  to  eulture 
neurons  from  experimental  (and  eontrol)  animals,  and  use  live-eell  imaging  to  direetly 
visualize  the  transport  of  mierotubules  and  other  elements  of  the  eytoplasm.  Then,  based 
on  the  results  of  these  studies,  we  planned  to  pursue  experiments  aimed  at  developing 
therapies  to  restore  the  transport  defieits  to  normal.  In  this  ease,  the  animal  model  was 
adult  male  rats,  treated  with  toxins  and  stress.  Assuming  that  our  hypothesis  is  eorreet, 
and  the  major  defieit  relates  to  impaired  transport  of  mierotubules,  our  plan  was  to  pursue 
two  strategies  for  restoring  mierotubule  transport  to  normal.  One  strategy  was  to 
suppress  a  moleeular  motor  termed  kinesin-5,  whieh  we  have  shown  to  be  a  “brake”  on 
the  transport  of  mierotubules.  We  posited  that  removing  the  brake  should  allow  for 
enhaneed  transport  of  mierotubules.  The  other  strategy  was  based  on  the  finding  that 
only  very  short  mierotubules  are  transported  down  the  axon.  Short  mierotubules  are 
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generated  by  a  process  called  microtubule-severing  in  which  long  microtubules  are 
severed  into  shorter  pieces  by  proteins  called  katanin  and  spastin.  We  planned  to 
investigate  whether  the  flaw  in  transport  relates  to  too  much  severing  or  too  little 
severing,  and  then  we  planned  to  evaluate  whether  we  can  restore  transport  levels  to 
normal  by  experimentally  manipulating  katanin  and/or  spastin. 

The  reviewers  of  the  application  expressed  skepticism  about  using  the  rat  model  for  Gulf 
War  Syndrome.  This  animal  model,  developed  by  Abdel-Rahman  and  co-workers 
involves  exposing  adult  male  rats  to  three  different  toxins  to  which  soldiers  were  exposed 
in  the  Gulf  War,  together  with  stress.  The  reviewers  were  concerned  that  the  type  of 
stress  that  can  be  imposed  on  the  rat  in  the  laboratory  is  not  similar  to  that  which  the 
soldiers  endured  in  the  Gulf  War  and  that  there  is  not  a  similar  genetic  backdrop  against 
which  the  poisons  and  stress  are  imposed.  For  example,  humans  have  certain  genetic 
predispositions  to  diseases  such  as  ALS  that  are  exacerbated  by  the  toxins,  and  this  would 
not  be  the  same  in  a  rat.  Moreover,  the  reviewers  were  quite  concerned  with  our  ability 
to  verify  the  model  system  before  conducting  the  experiments.  The  reviewers  stated  that 
“Overall,  the  hypothesis,  as  stated,  is  narrow  and  appears  to  overlook  other  possible 
causes  of  GWI.”  The  reviewers  also  wisely  pointed  out  that  our  proposed  timetable  did 
not  take  into  account  the  potential  for  failed  experiments,  and  that  we  were  only  using 
published  work  from  Abdel-Rahman  as  a  guide  for  developing  the  animal  model  in  our 
own  laboratory.  Even  so,  the  reviewers  felt  that  looking  into  microtubule-related  causes 
of  degeneration  and  microtubule-based  therapies  could  have  a  “huge  impact.” 

We  these  very  real  concerns  in  mind,  we  decided  to  respond  to  the  reviewers  by  altering 
our  plan.  Rather  than  using  the  animal  model,  which  we  discovered  would  take  over  half 
of  the  funding  time  to  establish  and  verify  in  our  laboratory,  we  decided  to  culture 
neurons  from  healthy  rats  and  then  expose  the  cultures  of  neurons  to  the  toxins  directly. 
This  way,  we  could  obtain  very  direct  and  specific  data  on  the  effects  of  each  toxin  on  the 
neurons,  rather  than  obtaining  confusing  data  from  an  uncertain  animal  model.  We  also 
focused  our  attention  on  the  two  potential  therapeutic  strategies,  to  hone  our  base  of 
knowledge  and  tools.  We  devoted  4  months  to  working  on  the  effects  of  kinesin-5 
inhibition  on  cultured  neurons,  and  4  months  working  on  the  effects  of  spastin/katanin 
manipulation  in  cultured  neurons.  Given  that  flaws  in  spastin  are  the  chief  cause  of 
hereditary  spastic  paraplegia  in  humans,  we  felt  that  expanding  our  base  of  knowledge  on 
this  molecule  would  also  assist  us  in  understanding  genes  that  might  be  risk  factors  in 
humans  for  nerve  degeneration.  These  experimental  studies  were  done  on  embryonic  or 
juvenile  rat  neurons,  because  methods  for  culturing  them  are  routine.  For  the  last  4 
months  of  the  funding  period,  we  have  been  working  to  develop  cultures  of  adult  rat 
neurons,  so  that  we  can  begin  testing  the  detrimental  effects  of  the  toxins  and  the  capacity 
of  our  kinesin-5  and  spastin/katanin  manipulations  to  overcome  the  deficits  in 
microtubule  transport  caused  by  the  poisons. 

On  the  favorable  side,  we  can  report  that  the  reviewers  were  of  great  assistance  in  putting 
us  on  the  path  to  a  much  more  tractable  experimental  paradigm  that  we  feel  should  yield 
insightful  results.  Using  this  more  reductionist  approach,  for  example,  we  can  compare 
the  toxins  against  one  another,  and  rank  them  in  terms  of  their  degenerative  effects.  In 
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addition,  we  can  discover  whether  different  therapeutic  options  might  be  advantage  for 
each  of  the  different  toxins.  On  the  negative  side,  we  regret  to  report  that  the  one -year 
frame  of  time  was  not  sufficient  for  us  to  actually  results  using  the  toxins.  We  do  feel, 
however,  that  we  are  on  a  very  tractable  pathway  and  that  the  investment  in  the  project 
will  ultimately  pay  off. 

The  original  task  1  in  the  Statement  of  Work  was  to  establish  the  animal  model,  and  we 
incorrectly  estimated  that  this  would  take  us  only  2  months.  After  further  investigation 
and  consultation  with  advisors,  we  abandoned  this  approach,  and  decided  on  the 
alternative  approach  described  above.  The  original  task  2  was  to  establish  cultures  of 
adult  rat  DRG  neurons  in  our  laboratory,  and  to  begin  to  use  them  for  microtubule-based 
assays.  We  estimated  five  months  of  labor  for  this.  We  have  accomplished  the  goal 
(using  healthy  rats)  of  mastering  this  approach,  and  it  has  taken  us  4  months  (see  above). 
The  final  task  was  to  begin  to  use  the  therapeutic  approaches  on  these  cultures,  and  we 
have  made  progress  on  both  kinesin-5  (4  months)  and  katanin/spastin  (4  months). 

With  regard  to  katanin  and  spastin,  we  performed  studies  on  cultured  embryonic 
hippocampal  neurons,  with  a  focus  on  axonal  branch  formation  as  a  “readout”  for  the 
physiological  effects  of  manipulating  the  two  microtubule-severing  proteins.  Katanin  is 
more  highly  expressed  in  the  neuron,  but  spastin  is  more  concentrated  at  sites  of  branch 
formation.  Overexpression  of  spastin  dramatically  enhanced  the  formation  of  branches, 
whereas  overexpression  of  katanin  did  not.  The  excess  spastin  resulted  in  large  numbers 
of  short  microtubules,  whereas  the  excess  katanin  resulted  in  short  microtubules 
intermingled  with  longer  microtubules.  We  hypothesized  that  these  different 
microtubule-severing  patterns  may  be  due  to  the  presence  of  molecules  such  as  tau  on  the 
microtubules  that  more  strongly  shield  them  from  being  severed  by  katanin  than  by 
spastin.  Consistent  with  this  hypothesis,  we  found  that  axons  depleted  of  tau  show  a 
greater  propensity  to  branch,  and  that  this  is  true  whether  or  not  the  axons  are  also 
depleted  of  spastin.  We  proposed  that  there  are  two  modes  by  which  microtubule- 
severing  is  orchestrated  during  axonal  branch  formation,  one  based  on  the  local 
concentration  of  spastin  at  branch  sites  and  the  other  based  on  local  detachment  from 
microtubules  of  molecules  such  as  tau  that  regulate  the  severing  properties  of  katanin. 
These  studies,  published  in  2008  (see  reportable  outcomes),  provide  a  great  deal  of 
information  and  establish  tools  we  will  need  for  our  proposed  therapeutic  approach  on  the 
adult  DRG  neurons. 

Our  next  project  with  spastin  and  katanin  focused  on  the  propensity  of  spastin  to 
participate  in  neurodegeneration.  Autosomal  dominant  mutations  in  the  SPG4  locus 
corresponding  to  spastin  are  the  commonest  cause  of  hereditary  spastic  paraplegia  (HSP), 
a  neurodegenerative  disease  that  afflicts  the  adult  corticospinal  tracts.  Here  we  sought  to 
evaluate  whether  SPG4-based  HSP  is  best  understood  as  a  “loss  of  function”  disease. 
Using  various  rat  tissues,  we  found  that  katanin  levels  are  much  higher  than  spastin  levels 
during  development.  In  the  adult,  katanin  levels  plunge  dramatically  but  spastin  levels 
decline  only  slightly.  Quantitative  data  of  spastin  expression  in  specific  regions  of  the 
nervous  system  failed  to  reveal  any  obvious  explanation  for  the  selective  sensitivity  of 
adult  corticospinal  tracts  to  loss  of  spastin  activity.  An  alternative  explanation  relates  to 
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the  fact  that  the  mammalian  spastin  gene  has  two  start  codons,  resulting  in  a  616  aa 
protein  called  Ml,  and  a  slightly  shorter  protein  called  M85.  We  found  that  Ml  is  almost 
absent  from  developing  neurons  and  most  adult  neurons,  but  comprises  20-25%  of  the 
spastin  in  the  adult  spinal  cord,  the  location  of  the  axons  that  degenerate  during  HSP. 
Experimental  expression  in  cultured  neurons  of  a  short  dysfunctional  Ml  polypeptide 
(but  not  a  short  dysfunctional  M85  peptide)  is  deleterious  to  normal  axonal  growth.  In 
squid  axoplasm,  the  Ml  peptide  dramatically  inhibits  fast  axonal  transport,  whereas  the 
M85  peptide  does  not.  These  results  are  consistent  with  a  “gain  of  function”  mechanism 
underlying  HSP  wherein  spastin  mutations  produce  a  cytotoxic  protein  in  the  case  of  Ml, 
but  not  M85.  This  work  has  been  published  in  2008  (see  reportable  outcomes),  and  is 
important  for  knowing  which  spastin  isoform  to  target  for  our  therapeutic  strategies. 

With  regard  to  kinesin-5,  a  homotetrameric  motor  protein  that  interacts  with  adjacent 
microtubules  in  the  mitotic  spindle,  we  found  that  it  is  also  highly  expressed  in 
developing  postmitotic  neurons.  Axons  of  cultured  neurons  experimentally  depleted  of 
kinesin-5  grew  up  to  five  times  longer  than  controls,  and  displayed  more  branches.  The 
faster  growth  rates  were  accompanied  by  a  doubling  of  the  frequency  of  transport  of  short 
microtubules,  suggesting  a  major  role  for  kmesm-5  in  the  balance  of  motor-driven  forces 
on  the  axonal  microtubule  array.  Live-cell  imaging  revealed  that  the  effects  on  axonal 
length  of  kinesin-5  depletion  were  due  partly  to  a  lower  propensity  of  the  axon  and  newly 
forming  branches  to  undergo  bouts  of  retraction.  Overexpression  of  wild-type  kinesin-5, 
but  not  a  rigor  mutant  of  kinesin-5,  had  the  inverse  effect  on  axonal  length.  These  results 
indicate  that  kinesin-5  imposes  restrictions  on  the  growth  of  the  axon,  and  does  so  at  least 
in  part  by  generating  forces  on  the  axonal  microtubule  array.  These  studies  lay  the 
groundwork  for  the  use  of  more  modern  anti-kinesin-5  drugs  to  be  used  to  improve  the 
vitality  of  degenerating  axons.  This  work  was  published  in  2007  (see  reportable 
outcomes). 


Key  Research  Accomplishments 

1 .  Establishment  of  adult  rat  neuronal  cultures  for  use  in  microtubule  related  assays. 

2.  Refinement  of  knowledge  and  tools  related  to  katanin/spastin  approach  for  potential 
therapies  for  Gulf  War  Syndrome -related  neurodegeneration. 

3.  Refinement  of  knowledge  and  tools  related  to  kinesin-5  approach  for  potential 
therapies  for  Gulf  War  Syndrome -related  neurodegeneration. 

4.  Development  of  a  tractable  plan  for  obtaining  meaningful  data  in  the  future  on 
whether  or  not  these  approaches  are  effective  at  improving  the  status  of  axonal 
degeneration  associated  with  the  Gulf  War  toxins. 


Reportable  Outcomes 
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Conclusions 

The  “exploration”  nature  of  this  grant  funding  meehanism  enabled  us  to  propose  a  rather 
risky  plan  that  met  with  some  skeptieism  from  the  reviewers.  Taking  the  adviee  of  the 
reviewers,  we  revised  the  plan  and  were  able  to  put  ourselves  on  a  more  eertain  path 
toward  produeing  meaningful  results  on  the  effeets  of  toxins  assoeiated  with 
neurodegeneration  in  soldiers  suffering  from  Gulf  War  Syndrome.  Even  so,  one  year  of 
work  was  suffieient  only  to  lay  the  groundwork  toward  determining  the  effeets  of  the 
therapies.  We  look  forward  to  pursuing  the  next  phase  of  the  work. 


References:  None 


Appendices:  Included  in  the  appendices  are  PDFs  of  the  three  published  articles. 


Supporting  Data:  All  figures,  graphs  and  tables  are  shown  in  the  three  published  papers. 
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Kinesin-5  is  a  homotetrameric  motor  protein  that 
interacts  with  adiacent  microtubules  in  the  mitotic 
spindle.  Kinesin-5  is  also  highly  expressed  in  devel¬ 
oping  postmitotic  neurons.  Axons  of  cultured  neurons  ex¬ 
perimentally  depleted  of  kinesin-5  grow  up  to  five  times 
longer  than  controls  and  display  more  branches.  The  faster 
growth  rotes  are  accompanied  by  a  doubling  of  the  fre¬ 
quency  of  transport  of  short  microtubules,  suggesting  a 
major  role  for  kinesin-5  in  the  balance  of  motor-driven 


Introduction 

The  growth  and  maintenance  of  the  axon  is  dependent  on  a 
continuous  array  of  microtubules  that  extends  from  the  cell  body 
of  the  neuron  into  the  growth  cone.  Individual  microtubules 
assume  a  variety  of  lengths  within  the  array,  ranging  from  <  1  to 
>100  p.m  (Yu  and  Baas,  1994).  Very  short  microtubules  are  able 
to  move  rapidly  and  in  both  directions  (Wang  and  Brown,  2002). 
In  contrast,  the  longer  microtubules  in  the  axon  are  essentially 
immobile  (Ma  et  al.,  2004;  Ahmad  et  al.,  2006).  Twice  as  many 
short  microtubules  move  in  the  anterograde  direction,  presum¬ 
ably  to  ensure  that  more  tubulin  enters  the  axon  than  is  moved 
back  to  the  cell  body.  In  addition  to  supplying  tubulin  for  axonal 
growth,  mobility  within  the  microtubule  array  promotes  the 
morphological  plasticity  underlying  events  such  as  growth-cone 
motility  and  branch  formation  (Yu  and  Baas,  1994;  Dent  et  al., 
1999).  The  longer  microtubules  are  important  too  because  they 
act  as  compression-bearing  struts  that  prevent  the  axon  from 
retracting  under  the  myosin-II-based  contractile  forces  imposed 
on  the  cortical  actin  (Myers  et  al.,  2006b).  We  have  proposed  a 
model  whereby  the  same  molecular  motors  that  transport  the 
short  microtubules  impinge  upon  the  long  microtubules  to  regu¬ 
late  the  degree  to  which  they  can  resist  the  myosin-based  con¬ 
tractile  forces  (Baas  et  al.,  2006). 

We  have  begun  to  study  the  panoply  of  microtubule-based 
motors  that  generate  forces  against  long  and  short  microtubules. 
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forces  on  the  axonal  microtubule  array.  Live-cell  imaging 
reveals  that  the  effects  on  axonal  length  of  kinesin-5  deple¬ 
tion  ore  caused  partly  by  o  lower  propensity  of  the  axon 
and  newly  forming  branches  to  undergo  bouts  of  retraction. 
Overexpression  of  wild-type  kinesin-5,  but  not  a  rigor  mutant 
of  kinesin-5,  has  the  inverse  effect  on  axonal  length.  These 
results  indicate  that  kinesin-5  imposes  restrictions  on  the 
growth  of  the  axon  and  does  so  at  least  in  port  by  gener¬ 
ating  forces  on  the  axonal  microtubule  array. 


We  have  found  that  if  we  deplete  cytoplasmic  dynein  or  if  we 
depolymerize  actin  filaments,  the  frequency  of  anterograde 
microtubule  transport  is  reduced  by  about  half  (Hasaka  et  al., 
2004;  He  et  al.,  2005).  These  results  are  consistent  with  a  sce¬ 
nario  in  which  short  microtubules  move  anterogradely  via  a 
“sliding  filament”  mechanism  in  which  the  cargo  domain  of  the 
motor  interacts  (indirectly)  with  actin  filaments  (Pfister,  1999; 
Myers  et  al.,  2006a).  The  motor  domain  is  then  available  to 
transport  the  short  microtubules.  Consistent  with  our  model  for 
long  and  short  microtubules,  depletion  of  cytoplasmic  dynein 
also  renders  the  long  microtubules  less  capable  of  resisting  the 
myosin-II-based  contractile  forces  that  cause  the  axon  to  retract 
(Ahmad  et  al.,  2000;  Myers  et  al.,  2006a).  The  fact  that  not  all 
of  the  mobility  within  the  microtubule  array  depends  on  cyto¬ 
plasmic  dynein  indicates  that  there  are  other  participating  mo¬ 
tors,  presumably  kinesins. 

The  relevant  kinesins  are  the  so-called  mitotic  kinesins, 
which  generate  forces  between  adjacent  microtubules  rather  than 
between  microtubules  and  membranous  cargo  (Dent  et  al.,  1999). 
We  have  shown  that  many  of  these  specialized  kinesins  continue 
to  be  expressed  in  terminally  postmitotic  neurons  (Sharp  et  al., 
1997;  Ferhat  et  al.,  1998;  Buster  et  al,  2003).  We  are  particularly 
interested  in  kinesin-5  (also  known  as  Eg5),  which  forms  homo- 
tetramers  consisting  of  two  sets  of  antiparallel  motor  domains 
(Kashina  et  al.,  1996).  In  the  mitotic  spindle,  the  primary  func¬ 
tion  of  kinesin-5  is  to  maintain  spindle  bipolarity  by  generating 
centrosome-directed  forces  between  antiparallel  microtubules  in 
the  midzone  (Blangy  et  al.,  1995;  Sharp  et  al.,  1999a,b;  Kapitein 
et  al.,  2005).  In  neurons,  pharmacological  inhibition  of  kinesin-5 
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Axonal  Outgrowth:  Kmesin-5  Depleted  Neurons 


Figure  1 .  Kinesin-5  depletion  results  in  increased  axonal  length.  (A)  Western  blot  showing  kinesin-5  protein  levels  in  cultured  sympathetic  neurons  treated 
with  control  siRNA  and  kinesin-5  siRNA.  The  bottom  panel  shows  the  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  loading  control  for  both  pro¬ 
tein  samples.  (B)  Quantification  of  mean  axonal  outgrowth  reveals  significantly  longer  axons  of  kinesin-5-depleted  neurons  at  all  time  points  observed, 
with  a  4.3-fold  mean  increase  in  axonal  length  (mean  ±  SEM;  3  h,  control  =  2 1 .3  ±  6.45  |xm,  experimental  =  82.8  ±  1 9.7  [jim;  5  h,  control  =  71 .8  ± 
20.0  {Jim,  experimental  =  335  ±  66.8  (xm;  7  h,  control  =  1  87  ±  37.1  (xm,  experimental  =  774  ±  120  |xm]  (control  siRNA,  n  =  17;  kinesin-5  siRNA, 
n  =  2 1 ;  P  <  0.01 ).  (C)  Fluorescence  images  of  kinesin-5  immunostaining  in  control  siRNA  (top)  and  kinesin-5  siRNA-treated  neurons  (bottom).  The  cor¬ 
responding  microtubule  staining  for  these  two  cells  is  shown  in  the  panels  on  the  right.  (D)  DIG  images  of  a  control  siRNA  neuron  taken  at  3,  5,  and  7  h  after 
replating.  (E)  DIG  images  of  a  kinesin-5-dep!eted  neuron  at  3,  5,  and  7  h  after  replating  revealed  the  notable  increases  in  axonal  length  quantified  in  B. 
Bars,  20  |xm. 


results  in  longer  axons  (Haque  et  al.,  2004;  Yoon  et  al.,  2005), 
suggesting  a  key  role  for  this  motor  in  the  development  of  the 
nervous  system.  In  the  present  study,  we  have  investigated  the 
underlying  mechanisms  by  which  kinesin-5  influences  the  devel¬ 
opment  of  the  axon. 

Results 

Although  monastrol  (the  drug  used  in  the  earlier  studies  on  neu¬ 
rons;  Haque  et  al.,  2004;  Yoon  et  al.,  2005)  is  quite  specific  for 
kinesin-5  (Kapoor  et  al.,  2000;  Maliga  et  al.,  2002;  Kwok  et  al., 
2006;  Maliga  and  Mitchison,  2006),  we  wished  to  pursue  an 
additional  approach  that  would  deplete  kinesin-5  rather  than 
inhibit  it.  For  this  we  used  siRNA,  which  has  been  shown  to 
be  highly  effective  at  depleting  kinesin-5  from  other  cell  types 
(Weil  et  ah,  2002).  For  the  current  experiments,  rat  sympa¬ 
thetic  neurons  were  transfected  with  10  |jlM  siRNA  (control  or 
kinesin-5),  plated  densely  on  plastic  dishes,  and  then  allowed 
time  for  the  protein  to  be  depleted.  As  determined  by  Western 
blotting,  3  d  after  transfection  was  sufficient  time  to  deplete 
over  95%  of  the  kinesin-5  protein  from  the  neurons  (Fig.  1  A). 
The  neurons  were  then  replated  at  a  lower  density  onto  glass 
coverslips  treated  with  polylysine  and  laminin,  and  allowed  to 
grow  axons  anew.  For  some  studies,  we  also  performed  side-by- 
side  monastrol  experiments. 


Effects  of  kinesin-5  depietion 
on  axonai  morphology 

For  evaluation  of  the  effects  of  siRNA-based  depletion  of  kinesin-5 
on  axonal  morphology,  neurons  were  chosen  randomly  and  then 
imaged  at  successive  time  points  beginning  1  h  after  plating,  and 
continuing  every  2  h  thereafter  until  7  h.  Although  at  the  1  h  time 
point  there  were  very  few  neurons  that  had  extended  axons  in  ei¬ 
ther  the  control  or  experimental  groups;  analyses  of  mean  axonal 
length  at  3,  5,  and  7  h  all  revealed  significant  increases  in  the  ex¬ 
perimental  neurons.  Specifically,  quantification  of  axonal  length 
revealed  a  4. 3 -fold  increase  in  mean  axonal  lengths  at  all  three 
time  points,  a  change  that  was  statistically  significant  (3  h,  P  < 
0.008;  5  h,  P  <  0.002;  7  h,  P  <  0.0003;  two-tailed  f  test;  Fig.  1  B). 
These  differences  (Fig.  1,  C  and  D)  were  comparable  to  those 
obtained  in  parallel  experiments  using  monastrol  (see  Fig.  8). 

In  addition  to  being  longer,  the  experimental  axons  were 
also  more  branched  than  the  control  axons  (Fig.  2,  A  and  B).  For 
quantification  of  this  effect,  total  branch  numbers  were  normal¬ 
ized  to  total  axonal  length,  so  that  the  values  were  comparable 
between  control  and  kinesin-5-depleted  neurons  (control,  n  =  27; 
kinesin-5  siRNA,  n  =  37).  Statistical  analyses  of  axonal 
branching  data  revealed  a  significant  increase  in  branching  fre¬ 
quency  of  kinesin-5-depleted  neurons  to  levels  nearly  four  times 
higher  than  controls  (Fig.  2  C).  When  branching  frequency  was 
quantified  based  on  the  location  of  the  branches,  a  statistically 
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D  Categoric  Analysis  of  Branching  Frequency 


Branch  Locus 


Figure  2.  Axonal  branching  is  enhanced  when  kinesin-5  is  depleted. 

(A  and  B)  DIG  images  of  typical  control  (A)  and  kinesin-5-depleted  (B)  neu¬ 
rons.  Note  the  increase  in  branch  number  in  axons  depleted  of  kinesin-5. 

(C)  Quantitative  analysis  of  axonal  branch  number  (normalized  to  total  ax¬ 
onal  length]  revealed  a  statistically  significant  increase  when  compared 
with  control  siRNA-treated  neurons  (mean  ±  SEM;  control  siRNA  =  0.006  ± 
0.002,  kinesIn-5  siRNA  -  0.022  ±  0.002;  *,  P  -  5.76  x  lO”®). 

(D)  Categorical  analysis  at  various  branching  loci  (control  siRNA,  n  =  27; 
kinesin-5  siRNA,  n  =  37)  revealed  a  statistically  significant  increase  in 
branching  frequency  at  all  branch  positions  (mean  ±  SEM;  primary 
branch:  control  “  0.006  ±  0.002,  kinesIn-5  siRNA  —  0.01  3  ±  0.002,  *, 
P  <  0.02;  secondary  branch:  control  —  0.002  ±  0.001 ,  kinesIn-5  siRNA  — 
0.004  ±  0.001 ,  P  <  0.03;  tertiary  branch:  control  —  0.001  ±  0.0004, 
kInesin-5  siRNA  —  0.003  ±  0.001,  *,  P  <  0.03;  quaternary  branch: 
control  —  0.00  ±  0.00,  kinesin-5  siRNA  —  0.001  ±  0.0005,  *,  P  <  0.007). 
Bars,  20  [jim. 


significant  increase  in  branching  frequency  was  identified  in 
kinesin-5-depleted  neurons  at  all  branch  loci  (Fig.  2  D).  In  neurons 
depleted  of  kinesin-5,  primary  branch  frequency  was  increased  to 
217%  of  controls  (P  <  0.02;  n  =  14),  secondary  branch  frequency 
was  increased  to  200%  of  controls  (P  <  0.03;  n  =  14),  and  ter¬ 
tiary  branch  frequency  was  elevated  to  298%  of  control  neurons 
(P  <  0.03;  n  =  12).  There  were  no  quaternary  branches  observed 
in  the  control  siRNA  group  of  neurons  during  the  observation 
time  period  (n  =  12).  The  change  between  control  and  kinesin-5 
siRNA  was  found  to  be  statistically  significant  (P  <  0.007). 

We  next  investigated  whether  the  kinesin-5-depleted  axons 
differed  from  controls  in  their  propensity  to  retract  in  response 
to  physiological  cues.  For  this,  we  used  noc-7  (a  donor  of  nitric 
oxide  and  potent  inducer  of  axonal  retraction;  Ernst  et  ah,  2000; 
Fie  et  ah,  2002).  After  allowing  neurons  depleted  of  kinesin-5  to 
undergo  12-16  h  of  axonal  growth,  differential  interference 
contrast  (DIC)  images  were  taken  of  individual  neurons  whose 
axons  were  >100  p.m,  followed  by  treatment  with  0.3  mM 
noc-7  for  30  min.  These  same  neurons  were  then  relocated  and 
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Figure  3.  Depletion  of  kinesin-5  reduces  the  distance  of  axonal  retraction. 

(A  and  B]  DIC  images  of  control  axons  (A)  and  kinesin-5-depleted  axons 

(B)  before  and  30  min  after  treatment  with  0.3  mM  noc-7.  (B]  Kinesin-5- 
depleted  axons  continue  to  elongate  even  in  the  presence  of  noc-7.  Arrows 
demarcate  the  distal  tips  of  growth  cones  before  and  after  noc-7  treatment. 

(C)  Quantitative  analysis  of  noc-7-induced  axonal  retraction  revealed  a 
statistically  significant  reduction  in  mean  distance  retracted  in  neurons  de¬ 
pleted  of  kinesin-5  (mean  ±  SEM;  control,  n  =  54;  kinesin-5  siRNA,  n  =  55; 
*,  P  =  0.01  1).  Bar,  20  |xm. 


imaged  once  again,  and  the  before-and-after  images  were  ana¬ 
lyzed  for  mean  differences  in  axonal  length.  Quantification  of 
mean  distance  retracted  revealed  that  the  axons  of  neurons 
transfected  with  control  siRNA  underwent  significantly  greater 
distances  of  retraction  than  the  axons  of  neurons  depleted  of 
kinesin-5  (control  siRNA,  n  =  54;  kinesin-5  siRNA,  n  =  55).  In 
some  cases,  the  axons  of  the  neurons  depleted  of  kinesin-5  actu¬ 
ally  continued  to  grow  in  the  presence  of  noc-7,  which  virtually 
never  occurred  in  the  case  of  the  controls  (Fig.  3,  A  and  B).  On 
average,  neurons  treated  with  control  siRNA  retracted  their  axons 
29.5  ±  2.87  p,m  after  30-min  exposure  to  noc-7,  whereas  neu¬ 
rons  depleted  of  kinesin-5  retracted  their  axons  19.8  ±  2.45  p.m 
(mean  ±  SEM,  P  =  0.01 1;  Pig.  3  C).  Thus  depletion  of  kinesin-5 
reduces  the  distances  over  which  the  axons  would  normally 
have  retracted.  Similar  results  were  obtained  with  monastrol 
(unpublished  data). 

Effects  of  kinesin-5  depletion  on  axonal 
transport  of  short  microtubules 

Por  studies  on  microtubule  transport  (Pig.  4  A),  the  culture 
regimes  were  the  same  as  for  the  morphological  studies,  except 
that  replating  was  performed  at  60  h  after  transfection,  and  cells 
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Figure  4.  Depletion  of  kinesin-5  enhances  the  transport  frequency  of  short 
microtubules.  (A]  Time-lapse  images  of  a  neuron  expressing  GFP-tubulin  re¬ 
veal  a  short  microtubule  moving  in  the  anterograde  direction  through  a 
photobleached  axon.  V^hite  arrows  mark  the  leading  and  trailing  ends  of 
the  microtubule.  (B)  Quantification  of  short  microtubule  transport  frequency 
using  siRNA-based  depletion  of  kinesin-5  resulted  in  the  increased  fre¬ 
quency  of  bidirectional  short  microtubule  transport  (anterograde:  control 
siRNA,  0.752  events/min;  kinesin-5  siRNA,  1 .35  events/min;  retrograde: 
control  siRNA,  0.400  events/min;  kinesin-5  siRNA,  0.705  events/min; 
*,  P  <  0.025].  (C)  Inhibition  of  kinesin-5  with  monastrol  produced  a  result 
similar  to  siRNA-based  depletion  of  kinesin-5,  with  an  increase  in  bidirec¬ 
tional  transport  frequency  to  levels  approximately  twofold  higher  than 
observed  in  control  neurons  (anterograde:  DMSO,  0.801  events/min; 
monastrol,  1.438  events/min;  retrograde:  DMSO,  0.458  events/min; 
monastrol,  0.788  events/min;  *,  P  <  0.01).  Bar,  5  p-m. 


were  allowed  to  grow  axons  for  12-16  h  before  imaging.  These 
times  were  used  because  they  coincide  with  the  depletion  of 
kinesin-5  via  siRNA  (Fig.  1  A)  and  because  this  period  of  incuba¬ 
tion  is  optimal  for  EGFP-tubulin  expression  in  these  cells.  For 
control  siRNA,  the  total  number  of  movements  was  121  over  a 
period  of  105  min  of  image  acquisition,  with  79  in  the  antero¬ 
grade  direction  and  42  in  the  retrograde  direction.  For  kinesin-5 
siRNA,  the  total  number  of  movements  over  105  min  of  imaging 
was  216,  representing  the  sum  of  142  movements  in  the  antero¬ 
grade  direction  and  74  movements  in  the  retrograde  direction. 
With  respect  to  transport  directionality,  these  data  represent  a 


179%  increase  over  controls  in  anterograde  movement  frequency, 
and  a  176%  increase  over  controls  in  retrograde  movement  fre¬ 
quency,  both  statistically  signihcant  increases  (anterograde, 
P  <  0.01;  retrograde,  P  <  0.025;  Fig.  4  B).  Enhanced 
frequencies  of  short  microtubule  transport  were  also  observed 
when  monastrol  was  used  to  inhibit  kinesin-5  activity,  and  these 
changes  were  comparable  to  the  siRNA  experiments  (Fig.  4  C). 
For  the  monastrol  studies,  there  was  a  178%  increase  in  antero¬ 
grade  transport  frequency  and  a  172%  increase  in  retrograde 
transport  frequency  (anterograde,  P  <  0.001;  retrograde,  P  < 
0.001 ;  x^)-  These  results  suggest  that  kinesin-5  imposes  limitations 
on  the  number  of  short  microtubules  that  are  in  transit  (in  both 
directions)  within  the  axon. 

To  investigate  whether  this  effect  on  transport  is  specific  to 
microtubules,  we  added  fluorescently  labeled  markers  of  either 
vesicles  or  mitochondria  and  analyzed  their  movements  under 
control-  and  kinesin-5-inhibited  conditions.  Using  a  rhodamine- 
dextran  tracer  to  monitor  pinocytosed  vesicular  transport  (Fig. 
5  A),  we  found  that  there  was  no  statistical  variation  in  axonal 
vesicle  trafficking  under  conditions  of  kinesin-5  depletion  in  ei¬ 
ther  the  distance  or  direction  that  the  moving  vesicles  were  trans¬ 
ported  (anterograde,  P  =  0.232;  retrograde,  P  =  0.43 1 ;  two-tailed 
t  test;  Fig.  5  B).  We  next  investigated  the  effects  of  kinesin-5 
depletion  on  the  axonal  transport  of  mitochondria  using  the  mito- 
tracker  label,  which  is  a  fluorescent  label  that  is  specific  for 
mitochondria  (Buckman  et  ah,  2001).  For  these  experiments  we 
measured  both  the  length  of  the  mitochondria,  as  well  as  the  dis¬ 
tance  moved  during  the  imaging  period.  Stationary  mitochondria 
were  not  analyzed,  although  there  was  no  noticeable  difference 
between  the  numbers  of  stationary  mitochondria  between  con¬ 
trol  and  kinesin-5-depleted  neurons  (unpublished  data).  Similar 
to  our  studies  of  vesicle  transport,  no  statistical  difference  was 
found  when  mitochondrion  lengths  were  compared  between  con¬ 
trol  and  kinesin-5-depleted  axons  (P  =  0.08,  two-tailed  t  test). 
Analysis  of  mitochondrion  transport  distances  revealed  a  similar, 
nonsignificant  variation  between  control  and  kinesin-5-depleted 
specimens  (P  =  0.677,  two-tailed  t  test;  Fig.  5,  C  and  D).  These 
data  are  consistent  with  the  effects  of  kinesin-5  on  axonal 
transport  being  specific  to  the  transport  of  microtubules. 

□epletion  of  kinesin-5  accelerat:es 
axonai  growth  by  decreasing  stepwise 
retraction  events 

Live-cell  movies  were  used  to  further  investigate  the  effects  of 
depleting  kinesin-5  on  axonal  length.  Phase-contrast  images 
were  acquired  for  5  h  at  3-min  intervals  beginning  2  h  after  the 
neurons  were  replated.  Consistent  with  the  still  images  (Figs. 
1  and  2),  the  movies  show  that  axons  depleted  of  kinesin-5  grow 
more  rapidly  and  undergo  dramatic  increases  in  branching  as 
compared  with  controls  (Fig.  6  A).  The  movies  indicate  that 
these  effects  are  due,  at  least  in  part,  to  diminution  in  retraction 
events  that  normally  accompany  axonal  development.  Control 
neurons  undergo  relatively  consistent  bouts  of  growth  and  re¬ 
traction,  with  the  net  result  being  axonal  elongation.  In  contrast, 
kinesin-5-depleted  neurons  undergo  substantially  fewer  bouts 
of  retraction,  resulting  in  enhanced  stepwise  growth.  Analysis  of 
the  data  indicates  a  significant  change  in  the  distribution  of 
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B  Vesicle  Transport  Analysis 
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F  ig  u  re  5 .  Depletion  of  kinesin-5  motor  does  not  affect  axonal  transport  of 
membranous  elements.  (A]  Time-lapse  images  of  rhodamine-dextran- 
labeled  vesicles  being  transported  retrogradely  within  the  axon.  White 
arrows  demarcate  two  mobile  vesicles  observed  during  the  period  of 
imaging.  (B)  Quantification  of  vesicular  transport  direction  and  frequency 
revealed  no  difference  between  control  and  kinesin-5-depleted  neurons 
(mean  ±  SEM;  anterograde:  control  =  0.983  ±  0.357,  kinesin-5  =  1 .33  ± 
0.262;  retrograde:  control  =  1.32  ±  0.201,  kinesin-5  =  1.19  ±  0.206] 
(control  axons,  n  =  1 4;  kinesin-5-depleted  axons,  n  =  1 4).  (C)  Analysis  of 
mitochondrion  transport  revealed  that  the  depletion  of  kinesin-5  does  not 
have  an  effect  on  mitochondrion  length  (mean  length  ±  SEM;  control  = 
3.10  ±  0.232  |xm,  kinesin-5  siRNA  =  2.55  ±  0.206  pm)  or  distance  of 
transport  (mean  ±  SEM;  control  =  3.91  ±  1.05  pm,  kinesin-5  siRNA  = 
3.37  ±  0.742  pm)  (control  siRNA,  n  =  38;  kinesin-5  siRNA,  n  =  39). 
(D)  Time-lapse  images  of  a  mitotracker  FM-labeled  mitochondrion  being 
transported  anterogradely  within  the  axon.  Arrowheads  mark  the  moving 
mitochondrion.  Bars,  5  pm. 


growth  steps  and  retraction  steps  between  control  neurons  and 
neurons  depleted  of  kinesin-5  (control,  n  =  13;  kinesin-5  siRNA, 
n  =  13;  P  ^  0.001;  x^)  (Fig-  6,  B  and  D).  The  effect  on  retraction 
was  even  more  dramatic  with  regard  to  the  stepwise  movements  of 
axonal  branches,  commonly  resulting  in  branches  that  retracted 
entirely  back  into  the  primary  axon  (control,  n  =  8;  kinesin-5 
siRNA,  n  =  13;  P  ^  0.001;  Fig.  6  C  and  Video  1,  available 
at  http://www.jcb.org/cgi/content/full/jcb.200702074/DCl).  Of 
the  198  stepwise  movements  measured  in  control  branches,  1 12 
were  growth  oriented,  whereas  68  were  retractile,  and  the  re¬ 
maining  18  constituted  time  points  when  the  axon  did  not  grow 
or  retract  (neutral  steps).  In  neuronal  branches  that  had  been 
depleted  of  kinesin-5,  a  total  of  356  stepwise  movements  were 
recorded,  the  sum  of  298  growth-oriented,  34  retractile,  and 
24  neutral  steps  (Fig.  6  E).  Thus,  it  appears  that  depletion  of 
kinesin-5  results  in  enhanced  frequencies  of  axonal  branching 
by  causing  the  axon  to  retract  branches  less  frequently,  thus 
allowing  greater  numbers  of  branches  to  persist. 

The  effects  of  kinesin-5  overexpression 
are  the  inverse  of  kinesin-5  depietion 

We  wished  to  further  test  the  specificity  of  our  results  by  ascer¬ 
taining  whether  an  increase  in  kinesin-5  produces  the  inverse 


effect  of  depletion.  To  investigate  this,  neurons  were  transfected  to 
express  either  GFP  alone  (control)  or  to  express  EGFP-kinesin-5, 
after  which  they  were  replated  and  allowed  to  grow  axons  for 
7  h,  as  described  for  the  siRNA  experiments.  For  these  ex¬ 
periments,  we  used  mCherry-tubulin  to  visualize  microtubule 
transport.  Investigations  of  mean  axonal  length  in  GFP  control 
neurons  (n  =  20)  were  analyzed  at  3,  5,  and  7  h  after  replating. 
Axons  were  found  to  be  of  similar  lengths  to  controls  from 
siRNA-based  experiments  from  respective  time  points  (mean  ± 
SEM;  GEP  control,  3  h  =  64.5  ±  10.2  p,m,  5  h  =  108  ±  16.1  p-m, 
7  h  =  205  ±21.3  pm).  Consistent  with  the  prediction  of  adding 
a  large  number  of  additional  kinesin-5  molecules,  the  most 
highly  expressing  neurons  displayed  very  short  axons  (typically 
<30  pm;  Fig.  7  B).  Comparison  of  axonal  lengths  of  the  low 
expressers  (n  =  21;  Fig.  7  A)  revealed  a  statistically  significant 
decrease  in  mean  axonal  length  when  compared  with  GFP  con¬ 
trols  at  all  three  observed  time  points  (3  h,  P  <  0.004;  5  h,  P  < 
0.004;  7  h,  P  <  0.0005;  two-tailed  t  test;  Fig.  7  C).  When  nor¬ 
malized  to  controls,  these  reductions  represent  a  decrease  of 
252,  225,  and  209%  (at  3,  5,  and  7  h,  respectively)  in  the  mean 
axonal  lengths  of  neurons  expressing  EGFP-kinesin-5. 

We  next  analyzed  microtubule  transport  in  the  axons  of 
the  low  expressers  (Fig.  7  A).  Analysis  of  GFP  control  neurons 
revealed  frequencies  of  short  microtubule  transport  that  did  not 
differ  significantly  from  control  siRNA-treated  transport  fre¬ 
quencies.  For  GFP  control  axons,  the  total  number  of  move¬ 
ments  was  93,  with  60  in  the  anterograde  direction  and  33  in  the 
retrograde  direction  over  a  period  of  77  min  of  image  acquisi¬ 
tion.  For  EGFP-kinesin-5-expressing  neurons,  the  total  num¬ 
ber  of  movements  was  82,  with  40  in  the  anterograde  direction 
and  42  in  the  retrograde  direction  over  98  min  of  image  acquisi¬ 
tion.  The  decrease  in  transport  was  statistically  significant,  but 
only  in  the  anterograde  direction,  where  EGFP-kinesin-5  ex¬ 
pression  reduced  transport  by  190%  (anterograde,  P  <  0.01; 
retrograde,  P  ^  E  X^l  Fig.  7  D).  These  results  further  demon¬ 
strate  the  capacity  of  kinesin-5  to  restrict  the  number  of  micro¬ 
tubules  in  transit,  but  suggest  that  kinesin-5  may  have  a  preference 
for  restricting  transport  in  the  anterograde  direction.  There  were 
no  notable  effects  on  microtubule  bundling  or  organelle  distri¬ 
bution  associated  with  the  overexpression  of  kinesin-5  at  these 
levels  (unpublished  data). 

Kinesin-5  elicits  its  effects  in  a  force- 
dependent  manner 

It  is  noteworthy  that  monastrol-based  inhibition  of  kinesin-5 
produced  indistinguishable  results  from  siRNA-based  depletion 
of  kinesin-5  in  all  of  our  studies  on  axonal  morphology  (Fig.  8) 
and  microtubule  transport  (Fig.  4).  Monastrol  functions  as  an 
allosteric  inhibitor  of  the  motor  by  preventing  the  release  of 
ADP  bound  to  kinesin-5  (Lockhart  and  Cross,  1996).  The  func¬ 
tional  outcome  of  this  allosteric  inhibition  is  the  locking  of  the 
kinesin-5  motor  in  a  weak  and  diffusible  microtubule-binding 
state,  capable  of  eliciting  a  reduced  and  passive  drag  against  micro¬ 
tubules  in  motility  assays  (Crevel  et  ah,  2004).  Thus,  treatment 
with  monastrol  would  eliminate  the  force-generating  properties 
of  kinesin-5  but  would  presumably  not  eliminate  other  prop¬ 
erties  of  kinesin-5,  such  as  its  capacity  to  passively  interact  with 
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Figure  6.  Kinesin-5  depletion  results  in  fewer  bouts  of  retraction  of  axons  and  axonal  branches.  (A)  Time-lapse,  phase-contrast  images  of  a  control  (left) 
and  a  kinesin-5-depleted  neuron  (right).  Notice  that  whereas  control  axons  form  early  branches,  the  branches  typically  undergo  retraction  events  (left, 
arrows).  Kinesin-5-depleted  branches  display  robust  growth  and  are  typically  observed  to  elongate  (right,  arrows).  (B)  Quantitative  comparison  of  axonal 
growth  profiles  revealed  a  significant  shift  toward  stepwise  bouts  of  growth  in  axons  depleted  of  kinesin-5  (*,  P  <  0.001 ;  x^)-  (C)  Analysis  of  branching 
profiles  revealed  a  similar  and  significant  shift  toward  stepwise  bouts  of  growth  when  kinesin-5  was  depleted  (*,  P  <  0.001 ;  x^)-  (D  and  E)  Data  distribution 
graphs  of  the  stepwise  growth/retraction  of  control  and  kinesin-5-depleted  axons  (D)  and  branches  (E).  Bars,  20  {jim. 
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neighboring  microtubules  and  potentially  displace  other  motors, 
preventing  them  from  interacting  with  the  microtubules.  There¬ 
fore,  it  would  appear  that  kinesin-5  must  elicit  forces  in  order 
for  it  to  exert  its  regulatory  effects  on  axonal  growth.  To  further 
test  this,  we  expressed  in  cultured  neurons  either  a  wild-type 
EGFP-kinesin-5  construct  or  an  EGFP-labeled  ATPase  rigor 
mutant  of  kinesin-5  (T112N  point  mutant).  Originally  studied 
by  Blangy  et  al.  (1998),  this  mutation  blocks  ATP  hydrolysis, 
locking  the  kinesin-5  motor  in  a  strong  microtubule-binding 
state  that  is  able  to  promote  microtubule-microtubule  inter¬ 
actions,  but  is  unable  to  generate  forces  against  microtubules.  In 
conducting  these  experiments,  we  decided  to  perform  them  on 
neurons  that  had  been  treated  with  either  control  or  kinesin-5 
siRNA.  This  experimental  approach  allowed  us  to  test  whether 
the  observed  effects  on  axonal  growth  require  the  force-generat¬ 
ing  properties  of  the  motor  and  also  provided  an  opportunity  to 
conduct  an  additional  control  regarding  the  specihcity  of  the  re¬ 
sults  observed  with  siRNA-based  depletion  of  kinesin-5.  EGFP 
fluorescence  intensity  was  used  to  ensure  that  we  compared 
similarly  expressing  cells  in  each  experimental  group.  There 
was  some  initial  concern  that  the  kinesin-5  siRNA  that  persisted 
in  the  cells  might  impede  our  capacity  to  express  the  EGFP- 
kinesin-5  at  sufficiently  high  concentrations  to  elicit  an  effect, 
but  this  did  not  prove  to  be  a  problem.  The  results  of  these  ex¬ 
periments  are  shown  in  Fig.  8. 

Expression  of  the  wild-type  kinesin-5  in  neurons  treated 
with  control  siRNA  confirmed  our  earlier  overexpression  data 
(Fig.  7  C),  resulting  in  axonal  lengths  that  were  significantly 
shorter  than  neurons  expressing  endogenous  levels  of  kinesin-5 
(control  siRNA  alone,  mean  ±  SEM  =  187  ±  37.1  p,m;  control 
siRNA  -f  wild-type  kinesin-5,  121  ±  29.9  p.m;  P  <  0.008,  two- 
tailed  t  test).  This  effect  was  not  observed  in  control  siRNA- 
treated  neurons  expressing  the  rigor  mutant.  Rather,  under  these 
conditions,  expression  of  the  rigor  mutant  kinesin-5  produced 
mean  axonal  lengths  nearly  identical  to  control  cells  (control 
siRNA  -I-  rigor  mutant,  mean  ±  SEM  =  171  ±  58.2  p,m;  control 
siRNA  alone,  187  ±  37.1  p.m;  P  =  0.471,  two-tailed  f  test). 

Rescue  of  kinesin-5-depleted  neurons  with  the  wild-type 
construct  resulted  in  axonal  lengths  that  were  statistically  simi¬ 
lar  to  neurons  treated  with  control  siRNA  alone  after  7  h  of 
growth  (wild-type  rescue,  mean  ±  SEM  =  257  ±  46.1  p.m; 
control  siRNA  alone,  187  ±  37.1  p.m;  P  >  0.05,  two-tailed 
t  test).  When  the  rigor  mutant  was  introduced  into  kinesin-5-  de¬ 
pleted  neurons,  mean  axonal  lengths  were  observed  to  be  statis¬ 
tically  indistinguishable  from  those  recorded  in  neurons  treated 
with  monastrol  or  kinesin-5  siRNA  alone  (rigor  mutant  rescue, 
mean  ±  SEM  =  546  ±  86.5  p.m,  n  =  17;  monastrol,  722  ± 
97.9  p.m,  n  =  \1\  kinesin-5  siRNA  alone,  774  ±  120  p.m,  n  = 
21;  P  =  0.135,  two-tailed  t  test).  Moreover,  when  compared 
with  other  experimental  treatments,  axonal  lengths  in  the  rigor 
mutant  rescue  group  persisted  at  levels  twice  as  long  as  the 
wild-type  rescue  group,  and  nearly  three  times  longer  than  neu¬ 
rons  treated  with  control  siRNA  alone  (wild-type  rescue,  257  ± 
46.1  p.m,  P  <  0.02;  control  siRNA  alone,  187  ±  37.1  p.m,  P  < 
0.001,  two-tailed  t  test;  Fig.  8).  These  data  indicate  that  the 
force-generating  properties  of  kinesin-5  are  central  to  its  capac¬ 
ity  to  restrict  axonal  lengths. 


Q  Microtubule  Transport  Frequency: 

EGFP-Kinesin-5  Overexpressing  Neurons 
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Figure  7.  Axonal  growth  and  microtubule  transport  frequency  are 
affected  by  kinesin-5  overexpression.  (A  and  B]  DIG  (top)  and  correspond¬ 
ing  anti-GFP  immunocytochemistry  (bottom)  in  neurons  transfected  with  a 
wild-type  EGFP-kinesin-5  construct  demonstrating  that  axon  length  is  co¬ 
ordinated  with  the  level  of  EGFP-kinesin-5  expression.  (C)  Quantitative 
analysis  of  mean  axonal  length  revealed  a  statistically  significant  reduction 
in  mean  axonal  length  in  neurons  expressing  EGFP-kinesin-5  when  compared 
with  GFP  control  axons  (mean  ±  SEM;  EGFP-kinesin-5:  3  h  =  25.6  ± 
6.38  p.m,5h -48.1  ±  10.7  p,m,  7  h  -  98.1  ±  18.2  iJim;  *,  P  <  0.0005). 
(D)  Analysis  of  short  microtubule  transport  frequency  in  EGFP-kinesin-5 
expressers  revealed  a  significant  reduction  in  anterograde  transport,  but  no 
change  in  retrograde  transport  frequency  (mean  ±  SEM;  anterograde:  GFP 
control  —  0.779  ±  0.041  events/min;  EGFP-kinesin-5  —  0.408  ±  0.016 
events/min;  retrograde:  GFP  control  =  0.429  ±  0.033  events/min; 
EGFP-kinesin-5  —  0.449  ±  0.017  events/min;  *,  P  0.01).  Bars,  30  [xm. 
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Axonal  Outgrowth:  Wild -Type  and  Mutant  EGFP-Kinesin-5  Rescue 
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Figure  8.  Kinesin-5  elicits  it  effects  in  a  force-dependent  manner.  Inhibition  of  kinesin-5  by  monostrol  treatment  or  depletion  of  kinesin-5  by  siRNA  produces 
mean  axonal  lengths  that  are  approximately  four  times  greater  than  neurons  treated  with  DMSO  (control)  or  control  siRNA.  When  a  wild-type  kinesin-5 
construct  is  introduced  into  control  siRNA-treated  neurons,  there  is  a  corresponding  diminution  in  mean  axon  length.  Parallel  experiments  using  a  rigor  mu¬ 
tant  (Tl  I  2N)  kinesin-5  construct  in  control  siRNA-treated  neurons  revealed  that  mean  axonal  lengths  were  indistinguishable  from  the  control  siRNA  alone 
group.  A  similar  effect  was  observed  in  kinesin-5-depleted  neurons  that  were  rescued  by  introduction  of  the  wild-type  EGFP-kinesin-5,  with  mean  axonal 
lengths  that  were  statistically  similar  to  control  siRNA  neurons  expressing  endogenous  levels  of  the  motor  protein  (mean  ±  SEM,  wild-type  rescue  =  257  ± 
46.  ]  [Jim;  control  siRNA  alone,  I  87  ±  37. 1  iJim;  P  >  0.05;  two-tailed  t  test).  Finally,  in  kinesin-5-depleted  neurons  that  we  attempted  to  rescue  with  the 
EGFP-kinesin-5  mutant,  the  mean  length  of  axons  were  found  to  be  nearly  three  times  longer  than  the  control  siRNA-treated  group,  and  more  than  twice 
the  length  of  kinesin-5-depleted  neurons  rescued  with  wild-type  kinesin-5  (mean  ±  SEM,  rigor  mutant  rescue  =  546  ±  86.5  {jim;  wild-type  rescue,  257  ± 
46.  ]  (Jim;  P  <  0.002;  control  siRNA  alone,  I  87  ±  37. 1  (jim,  P  <  0.001 ;  two-tailed  f  test).  *,  P  <  0.02. 


□iscussion 

We  previously  speculated  that  kinesin-5  might  be  the  motor  that 
transports  microtubules  retrogradely  in  the  axon,  based  on  the 
premise  that  axonal  growth  rates  may  be  determined  by  the  ratio 
of  anterograde/retrograde  microtubule  transport  (Haque  et  ah, 
2004;  Baas  et  ah,  2006).  In  this  view,  depleting  kinesin-5  would 
cause  axons  to  grow  faster  because  of  a  marked  increase  in  this 
ratio.  However,  the  current  results  show  something  quite  differ¬ 
ent,  i.e.,  that  the  frequency  of  microtubule  transport  in  both 
directions  is  markedly  increased  when  kinesin-5  is  depleted. 
These  results  indicate  that  kinesin-5  is  not  the  motor  that  trans¬ 
ports  microtubules  retrogradely.  Instead,  it  appears  that  kinesin-5 
restricts  the  transport  of  short  microtubules  by  other  motors. 
The  results  of  the  depletion  studies  (Fig.  4)  suggest  that  there  is 
no  directional  preference  on  this  effect,  as  removing  kinesin-5 
results  in  marked  increases  in  both  directions.  In  this  sense,  it 
may  not  be  the  ratio  of  anterograde/retrograde  transport  that  is 
most  critical  to  axonal  growth,  but  rather,  the  overall  vitality  of 
the  transport.  The  overexpression  studies  (Fig.  7),  however, 
raise  the  possibility  of  a  directional  preference,  suggesting  that 
kinesin-5  may  be  more  suited  to  opposing  microtubule  transport 
in  the  anterograde  direction.  This  possibility  is  consistent  with 
other  studies  in  which  kinesin-5  was  shown  to  antagonize  minus 
end-directed  motors  such  as  cytoplasmic  dynein  and  kinesin-14a 
(Gaglio  et  ah,  1996;  Walczak  et  al.,  1998;  Mountain  et  al.,  1999; 
Tao  et  al.,  2006).  It  may  be  that  kinesin-5  restricts  microtubule 
transport  in  both  directions,  but  preferentially  in  the  antero¬ 
grade  direction. 

Additional  observations  suggest  that  the  greater  length  of 
kinesin-5-depleted  axons  is  not  solely  explicable  (or  even  prin¬ 
cipally  explicable)  on  the  basis  of  the  changes  in  microtubule 
transport.  The  axons  depleted  of  kinesin-5  are  also  far  less  prone 


to  retraction,  and  this  appears  to  be  a  major  factor  in  their  capac¬ 
ity  to  achieve  greater  lengths.  This  phenomenon  is  particularly 
evident  with  regard  to  the  greater  number  of  branches  displayed 
by  axons  depleted  of  kinesin-5,  where  the  numbers  of  branches 
appear  to  be  dependent  on  the  propensity  of  newly  formed 
branches  to  retract.  This  is  important  because  the  proclivity 
of  the  axon  to  retract  is  not  regulated  by  short  microtubules, 
but  rather  by  the  microtubules  that  are  long  enough  to  act  as 
compression-bearing  struts  (He  et  al.,  2002;  Baas  et  al.,  2006; 
Myers  et  al.,  2006b).  Thus,  we  would  contend  that  kinesin-5’s 
principal  role  in  regulating  axonal  length  may  be  to  influence  the 
balance  of  forces  on  the  long  microtubules,  which  is  consistent 
with  our  overall  view  that  the  various  motors  that  transport 
microtubules  are  not  selective  for  short  microtubules  but  rather 
impinge  upon  microtubules  of  all  lengths  (Baas  et  al.,  2006). 

How  does  kinesin-5  elicits  these  effects?  In  the  mitotic 
spindle,  kinesin-5  is  known  to  act  between  microtubules  of  op¬ 
posite  polarity  orientation  (interpolar  microtubules).  Although 
kinesin-5  was  originally  believed  to  function  mainly  to  assist  in 
the  separation  of  the  half  spindles,  newer  studies  indicate  that  it 
can  alternatively  function  to  resist  separation  of  the  half  spindles 
by  other  motor  proteins  (Kapitein  et  al.,  2005;  Tao  et  al.,  2006; 
Saunders  et  al.,  2007).  In  this  newer  role,  kinesin-5  has  recently 
been  likened  to  a  brake  on  the  microtubules  within  the  spindle 
because  it  acts  as  a  rate-limiting  factor  on  the  ability  of  the  micro¬ 
tubules  to  slide  relative  to  one  another.  The  analogy  of  kinesin-5 
acting  as  a  brake  on  microtubule  sliding  is  also  quite  applicable 
to  our  observations  on  the  axon.  The  difference  is  that  the  mitotic 
spindle  consists  of  regions  of  uniform  and  nonuniform  micro¬ 
tubule  polarity  orientation,  whereas  nearly  all  of  the  microtubules 
in  the  axon  are  thought  to  be  of  the  same  orientation  (Baas,  1998; 
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Hasaka  et  al.,  2004).  Thus  it  remains  unclear  whether  the  mecha¬ 
nism  underlying  the  kinesin-5  brake  is  the  same  in  the  axon  as  in 
the  mitotic  spindle  or  one  that  is  quite  different. 

It  is  important  to  note  that  kinesin-5  can  also  generate 
forces  between  neighboring  microtubules  of  the  same  orienta¬ 
tion  within  the  mitotic  spindle  (Kapoor  et  al.,  2000).  Indeed,  some 
of  the  earliest  studies  indicating  antagonism  between  kinesin-5 
and  minus-end  directed  motors  were  conducted  on  monoasters  of 
uniform  polarity  orientation  (Gaglio  et  al.,  1996).  More  recent 
studies  suggest  a  complexity  of  possibilities  for  how  kinesin-5 
is  able  to  generate  different  kinds  of  forces  between  micro¬ 
tubules  of  the  same  or  different  polarity  orientations  (Kapetein 
et  al.,  2005;  Saunders  et  al.,  2007).  One  possibility  is  that  the 
two  ends  of  the  homotetramer  are  not  always  in  synchrony  with 
regard  to  force  generation,  thus  generating  options  for  the  manner 
by  which  forces  impact  the  relevant  microtubules.  It  appears 
that  kinesin-5  is  also  quite  different  from  other  kinesins  with 
regard  to  how  it  reacts  to  changes  in  load  (Valentine  et  al,  2006), 
which  would  likely  influence  kinesin-5 ’s  force-dependent  func¬ 
tions.  Whatever  the  case,  understanding  the  complexities  of 
force  generation  by  kinesin-5  may  clarify  how  kinesin-5  is 
capable  of  opposing  transport  of  microtubules  in  both  directions 
within  the  axon. 

In  discussing  its  mechanism  of  action,  it  is  also  important 
to  consider  that  not  all  of  the  properties  of  kinesin-5  are  force 
dependent.  Kinesin-5  has  been  observed  to  cross-link  neighbor¬ 
ing  microtubules  (Sharp  et  al.,  1999a)  and  to  do  so  in  a  passive 
manner  that  does  not  require  ATP  (Tao  et  al.,  2006).  In  this  sense, 
kinesin-5  could  antagonize  microtubule  sliding  simply  by  cross- 
linking  adjacent  microtubules  or  by  displacing  other  motors 
from  the  microtubule  lattice,  even  when  kinesin-5  is  not  under¬ 
going  a  power  stroke.  Our  studies  using  the  rigor  mutant  indicate 
that  the  force-dependent  properties  of  kinesin-5  are  required  for 
it  to  elicit  its  effects  on  axonal  growth.  Even  so,  we  are  reluctant 
to  completely  dismiss  the  possibility  that  the  force-independent 
properties  of  kinesin-5  might  contribute  to  its  functions  in  the 
axon.  For  example,  the  growth  cones  of  kinesin-5-depleted  ax¬ 
ons  are  clearly  broader  than  those  of  control  axons  (Fig.  6),  sug¬ 
gesting  that  the  microtubules  within  these  growth  cones  may  be 
less  cross-linked  in  the  absence  of  kinesin-5.  Thus  it  may  be  that 
the  dual  properties  of  kinesin-5  are  manifested  differently  in  the 
growth  cone  and  in  the  axonal  shaft.  In  this  regard,  it  will  be 
prudent  in  the  future  to  conduct  studies  with  the  rigor  mutant 
specifically  on  growth  cone  behaviors. 

Another  open  question  is  whether  kinesin-5  opposes  all 
other  motors  equally,  or  if  kinesin-5  specifically  or  preferen¬ 
tially  antagonizes  minus  end-directed  motors  in  the  neuron.  We 
have  not  yet  studied  kinesin-14a  in  neurons,  but  we  have  con¬ 
ducted  a  great  deal  of  work  on  cytoplasmic  dynein.  As  noted  in 
the  Introduction,  these  studies  have  enabled  us  to  propose  a 
model  whereby  cytoplasmic  dynein  generates  forces  between 
the  longer  microtubules  in  the  axon  and  the  cortical  actin  mesh- 
work.  These  dynein-driven  forces  antagonize  the  contractile 
forces  imposed  on  the  cortical  actin  array  by  myosin-II  (Ahmad 
et  al.,  2000;  Myers  et  al.,  2006b).  Our  finding  that  kinesin-5 
promotes  axonal  retraction  is  consistent  with  a  scenario  by  which 
forces  generated  by  kinesin-5  antagonize  the  forces  generated 


by  cytoplasmic  dynein.  Our  tentative  thinking  is  that  the  micro- 
mbules  nearest  the  cortex  interact  with  the  cortical  actin  via  cyto¬ 
plasmic  dynein,  and  that  these  same  microtubules  sometimes 
interact  with  adjacent  microtubules  via  kinesin-5.  When  the 
kinesin-5  is  engaged  there  is  an  increase  in  the  load  on  the  cyto¬ 
plasmic  dynein,  thereby  attenuating  its  ability  to  antagonize  the 
contractility  of  the  cortical  actin. 

Clearly,  an  important  goal  for  the  future  will  be  to  further 
test  the  various  possibilities  of  exactly  how  kinesin-5  elicits 
such  a  profound  role  in  restricting  the  growth  of  the  axon.  In 
addition  to  elucidating  its  mechanism  of  action,  an  even  more 
important  question  may  be  to  ascertain  why  it  is  that  developing 
neurons  express  such  a  potent  brake  on  the  growth  potential  of 
their  axons.  Also,  of  course,  the  question  remains  as  to  how 
kinesin-5 ’s  functions  are  regulated  within  the  axon.  In  particu¬ 
lar,  local  regulation  of  kinesin-5  would  enable  the  axon  to  in¬ 
crease  or  decrease  the  relevant  forces  to  comply  with  the  needs 
of  the  axon.  For  example,  branch  formation  would  benefit  both 
from  a  local  increase  in  short  microtubule  transport  and  from  a 
diminished  propensity  of  the  branch  to  retract  once  long  micro¬ 
tubules  have  been  established  in  the  branch.  This  kind  of  regula¬ 
tion  could  be  accomplished  by  signaling  pathways,  given  that 
the  association  of  kinesin-5  with  microtubules  is  regulated  by 
phosphorylation  (Blangy  et  al.,  1995;  Sawin  and  Mitchison, 
1995).  Finally,  it  will  be  important  to  ascertain  whether  our 
findings  on  kinesin-5  apply  to  adult  axons  as  well  as  developing 
axons  because  the  ability  to  enhance  axonal  growth  so  dramati¬ 
cally  by  inhibiting  kinesin-5  could  be  a  powerful  tool  for  aug¬ 
menting  axonal  regeneration  after  injury  (Baas,  2002). 

Materials  and  methods 

Cell  culture  and  transfection 

Cultures  of  dissociated  neurons  from  rat  superior  cervical  ganglia  were 
prepared  as  previously  described  (He  et  al.,  2005).  For  experiments  using 
siRNA,  dissociated  neurons  were  transfected  with  1 0  (j.M  (final  concentra¬ 
tion)  of  either  control  siRNA  or  kinesin-5  siRNA  (Silencer  KIFl  1  [Eg5] 
siRNA;  Ambion).  Once  transfected,  the  neurons  were  cultured  in  L-15  me¬ 
dium  on  35-mm  plastic  dishes  that  had  been  coated  with  0.1  mg/ml  poly- 
D-lysine  (PDL)  for  3  h  and  repeatedly  rinsed  in  double-distilled  H2O.  The 
following  morning  5  (j.g/ ml  laminin  and  5  |xM  arabinose  C  were  added  to 
the  culture  medium.  For  transport  studies,  the  neurons  were  replated  (He 
et  al.,  2005)  at  a  density  of  ~7,500  cells/dish  at  60  h  after  transfection 
onto  grided  glass  coverslips  that  had  been  coated  with  0. 1  mg/ ml  PDL  and 
25  (j-g/ml  laminin.  Replating  was  performed  72  h  after  transfection.  The 
EGFP-tubulin  construct  (CLONTECH  Laboratories,  Inc.)  and  the  mCherry- 
tubulin  construct  (provided  by  R.  Tsien,  University  of  California,  San  Diego, 
La  Jolla,  CA]  were  transfected  at  15  [jig.  Wild-type  and  mutant  kinesin-5 
constructs  were  provided  by  M.  Kress  (Institut  Andre  Lwoff,  Centre  National 
de  la  Recherche  Scientifique,  Villejuif,  France)  and  A.  Blangy  (Centre  de 
Recherches  en  Biochimie  Macromoleculaire,  Centre  National  de  la  Recherche 
Scientifique  Unite  Propre  de  Recherche,  Montpellier,  France],  and  then 
engineered  in  our  laboratory  as  fusions  with  EGFP.  The  mutant  construct, 
termed  T1  1  2N,  is  described  in  detail  by  Blangy  et  al.  (1998).  For  kinesin-5 
overexpression  studies,  12  fjig  of  either  GFP  (control)  or  EGFP-kinesin-5 
was  cotransfected  with  mCherry-tubulin. 

In  one  study,  we  wished  to  determine  if  expression  of  wild-type  and/ 
or  the  mutant  kinesin-5  could  "rescue"  the  phenotype  obtained  with  siRNA- 
based  depletion  of  kinesin-5.  For  these  experiments,  neurons  were  first  trans¬ 
fected  with  siRNA.  48  h  after  transfection  with  siRNA,  either  the  wild-type 
EGFP-kinesin-5  or  the  rigor  mutant  EGFP-kinesin-5  (T1  1  2N)  was  introduced 
using  Lipofectamine  2000  (Invitrogen)  as  previously  described  (Yu  etal., 
2005),  except  that  Lipofectamine  treatments  were  performed  for  4.5  h 
duration  and  were  followed  by  rinsing  and  medium  replacement  with  L-1 5 
plating  medium.  Neurons  were  then  replated  24-30  h  after  Lipofectamine 
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treatment  and  morphological  analysis  was  performed  as  described  below 
for  siRNA  experiments.  Expression  was  observed  in  5-20%  of  neurons, 
and  data  analysis  used  neurons  with  expression  levels  greater  than  the 
mean  expression  value  (determined  by  arbitrary  fluorescence  units)  for  that 
experimental  group. 

Immunological  techniques  and  Western  blotting 

See  the  online  supplemental  Materials  and  methods. 

Morphological  studies 

For  all  morphological  investigations,  neurons  were  cultured  and  replated 
after  the  72-h  replating  regimen.  For  axonal  length  and  branching  experi¬ 
ments,  neurons  were  identified  at  1  h  after  replating  (before  they  had  estab¬ 
lished  axons).  The  neurons  were  then  imaged  sequentially  at  3,  5,  and  7  h 
after  replating.  Axonal  lengths  were  measured  using  the  "measure/curve" 
application  of  Axiovision  LE  4.5  (Carl  Zeiss  Microimaging,  Inc.),  and  mean 
values  were  quantified.  Analysis  of  branching  frequency  was  performed  by 
counting  the  total  number  of  branches  per  neuron  and  dividing  these  values 
by  total  axonal  length  for  individual  neurons.  For  both  total  branching  and 
categorical  branching  analysis,  we  used  normalization  of  branch  number  to 
total  axonal  length  to  ensure  accurate  evaluation  of  branching  frequency. 

Nitric  oxide-induced  axonal  retraction 

60  h  after  transfection  with  control  or  kinesin-5  siRNA,  neurons  were  re¬ 
plated  onto  gridded  PDL  (0.1  mg/ml)  and  laminin-treated  (25  fxg/ml) 
glass-bottom  culture  dishes.  By  72  h  the  neurons  had  generated  extensive 
axons.  The  nitric  oxide  donor,  noc-7  (Calbiochem),  was  prepared  and  ap¬ 
plied  as  previously  described  (He  et  al.,  2002),  except  that  it  was  used  at 
a  working  concentration  of  0.3  mM.  DIG  images  of  axons  were  recorded 
before  and  30  min  after  addition  of  noc-7.  Axonal  lengths  (from  growth 
cone  to  cell  body  or  to  the  first  bifurcation  point)  were  measured  using  the 
"measure/curve"  application  in  Axiovision  LE  4.5.  Raw  data  were  pro¬ 
cessed  and  graphs  were  produced  using  Excel  (Microsoft  Corp.). 

Transport  assays 

The  microtubule  transport  assay  was  performed  essentially  as  described 
previously  (Hasaka  et  al.,  2004),  except  that  for  experiments  using  phar¬ 
macological  inhibition  of  kinesin-5  with  monastrol,  the  neurons  were  plated 
directly  onto  glass  coverslips  in  drug-containing  medium  and  were  imaged 
24-36  h  later.  For  siRNA-based  studies,  neurons  transfected  with  either 
control  siRNA  or  kinesin-5  siRNA  were  replated  at  60  h  as  described  in  the 
previous  paragraph.  A  total  of  21  1  time-lapse  images  were  taken  at  700- 
900-ms  exposure  using  3-s  intervals  for  each  axon.  Transport  analysis  in¬ 
cluded  all  microtubules  observed  to  move  continuously  through  the 
photobleached  region  during  the  imaging  period.  Transport  frequencies 
were  calculated  by  dividing  the  total  number  of  movements  by  the  total 
imaging  time  for  individual  movies. 

Vesicle  and  mitochondrion  transport  assays 

See  the  online  supplemental  Materials  and  methods. 

Live-cell  imaging  and  analysis  of  stepwise  axonal  growth/retraction 

Neurons  transfection  with  control  or  kinesin-5  siRNA  (see  Cell  culture  and 
transfection)  were  replated  in  L-15  medium  (supplemented  with  FBS)  onto 
PDL-  and  laminin  (25  (jLg/mi)-coated  glass  coverslips.  The  L-1 5  medium  was 
coated  with  2  ml  of  mineral  oil  (Sigma-Aldrich)  as  a  means  to  prevent  me¬ 
dium  evaporation  and  to  maintain  nutrient  concentrations  over  time.  Phase- 
contrast  time-lapse  images  were  acquired  using  either  a  40  or  20x  objective 
lens  with  700-ms  exposure  time  and  1  X  1  binning.  Image  acquisition  was 
performed  at  3-min  intervals  for  5  h  using  a  heated  stage  apparatus  to 
maintain  the  temperature  at  37°C.  Stepwise  axon  and  branch  growth  were 
analyzed  using  the  "Apps/Track  Points"  application  of  Metamorph  software 
(Molecular  Devices)  by  establishing  a  point  of  origin  and  then  using  auto¬ 
mated  tracking  of  axonal  outgrowth.  Data  were  exported  from  Metamorph 
to  Excel  and  were  analyzed  for  the  relative  change  in  distance  to  origin. 
A  camera  (Orca  ER;  Hamamatsu)  was  used.  For  additional  details  on  statisti¬ 
cal  analysis  and  image  processing,  see  online  supplemental  materials. 

Online  supplemental  material 

Video  1  shows  that  kinesin-5  depletion  results  in  fewer  bouts  of  retraction 
of  axons  and  axonal  branches.  Online  supplemental  material  is  available 
at  http://www.jcb.org/cgi/content/full/jcb.200702074/DCl . 
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Spastin  and  P60-katanin  are  two  distinct  microtubule-severing  proteins.  Autosomal  dominant  mutations  in  the  SPG4  locus  correspond¬ 
ing  to  spastin  are  the  most  common  cause  of  hereditary  spastic  paraplegia  (HSP),  a  neurodegenerative  disease  that  afflicts  the  adult 
corticospinal  tracts.  Here  we  sought  to  evaluate  whether  SPG4-based  HSP  is  best  understood  as  a  “loss-of-function”  disease.  Using 
various  rat  tissues,  we  found  that  P60-katanin  levels  are  much  higher  than  spastin  levels  during  development.  In  the  adult,  P60-katanin 
levels  plunge  dramatically  but  spastin  levels  decline  only  slightly.  Quantitative  data  of  spastin  expression  in  specific  regions  of  the 
nervous  system  failed  to  reveal  any  obvious  explanation  for  the  selective  sensitivity  of  adult  corticospinal  tracts  to  loss  of  spastin  activity. 
An  alternative  explanation  relates  to  the  fact  that  the  mammalian  spastin  gene  has  two  start  codons,  resulting  in  a  616  amino  acid  protein 
called  Ml  and  a  slightly  shorter  protein  called  M85.  We  found  that  Ml  is  almost  absent  from  developing  neurons  and  most  adult  neurons 
but  comprises  20  -25%  of  the  spastin  in  the  adult  spinal  cord,  the  location  of  the  axons  that  degenerate  during  HSP.  Experimental 
expression  in  cultured  neurons  of  a  short  dysfunctional  Ml  polypeptide  (but  not  a  short  dysfunctional  M85  peptide)  is  deleterious  to 
normal  axonal  growth.  In  squid  axoplasm,  the  Ml  peptide  dramatically  inhibits  fast  axonal  transport,  whereas  the  M85  peptide  does  not. 
These  results  are  consistent  with  a  “gain-of- function”  mechanism  underlying  HSP  wherein  spastin  mutations  produce  a  cytotoxic  protein 
in  the  case  of  Ml  but  not  M85. 

Key  words:  microtubule;  neuron;  axon;  spastin;  katanin;  hereditary  spastic  paraplegia 


Introduction 

Hereditary  spastic  paraplegia  (HSP)  is  a  late-onset  debilitating 
disease  of  the  CNS  that  specifically  afflicts  the  corticospinal  tracts 
in  the  adult  spinal  cord.  Mutations  in  SPG4,  the  gene  that  en¬ 
codes  for  a  protein  called  spastin,  are  the  most  common  cause  of 
HSP  (Hazan  et  al.,  1999;  Salinas  et  al,  2007).  Spastin  is  one  of  two 
well  studied  AAA  ATPases  expressed  in  vertebrate  cells  that  sever 
microtubules  (Errico  et  al.,  2002).  The  other  is  called  P60-katanin 
(McNally  and  Vale,  1993;  Karabay  et  al.,  2004;  Yu  et  al.,  2005). 
The  severing  of  microtubules  by  these  enzymes  is  functionally 
important  for  the  axon.  Within  the  axon,  long  microtubules  are 
not  highly  mobile  (Ma  et  al.,  2004;  Ahmad  et  al.,  2006)  and  must 
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be  severed  into  shorter  pieces  before  undergoing  rapid  transport 
(Wang  and  Brown,  2002;  Baas  and  Qiang,  2005;  Baas  et  al.,  2005). 
Spatial  control  of  microtubule  severing  is  important  for  mobiliz¬ 
ing  large  numbers  of  microtubules  at  growth-related  locales  such 
as  the  centrosome  (Ahmad  et  al.,  1999),  sites  of  branch  formation 
(Yu  et  al,  1994),  and  growth  cones  (Dent  et  al.,  1999).  In  the 
adult,  severing  of  microtubules  need  not  be  as  robust  as  during 
development  but  is  still  required  to  ensure  that  a  portion  of  the 
microtubule  array  remains  mobile  (Yu  et  al.,  2007). 

Most  disease-related  mutations  of  spastin  render  the  pro¬ 
tein  dysfunctional  and  hence  reduce  the  degree  to  which  mi¬ 
crotubules  can  be  severed.  In  theory,  this  could  lead  to  flaws  in 
cytoskeletal  organization  and  microtubule-based  transport. 
At  present,  haploinsufficiency  is  the  favored  mechanism  for 
the  degeneration  of  axons  in  HSP,  but  there  are  several  ques¬ 
tions  that  cannot  be  easily  answered  by  this  mechanism  (Zhao 
et  al.,  2001;  Schickel  et  al.,  2007).  For  example,  there  are  no 
detectable  flaws  in  neuronal  development  associated  with  the 
spastin  mutations,  despite  the  greater  need  for  microtubule 
severing  during  development  (Fink  and  Rainier,  2004).  One 
possibility  is  that  longer  axons  are  more  at  risk  than  shorter 
axons,  but  this  does  not  explain  why  peripheral  neurons  with 
long  axons  are  unaffected.  Another  possibility  is  that  the  se¬ 
lective  vulnerability  of  certain  axons  is  related  to  the  absolute 
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levels  of  P60-katanin  and  spastin,  given  that  these  two  proteins 
have  overlapping  properties. 

Here,  we  quantitatively  analyzed  the  absolute  levels  of  each  of 
the  two  microtubule-severing  proteins  in  various  regions  of  the 
rat  nervous  system  during  development  and  in  the  adult.  These 
studies  provided  an  unprecedented  opportunity  to  assess  the 
merits  of  a  “loss-of-function”  scenario  for  HSP.  During  the 
course  of  these  studies,  we  discovered  that  the  adult  spinal  cord 
contains  significant  levels  of  an  isoform  of  spastin  (termed  Ml), 
which  is  not  readily  detectable  in  any  other  nervous  tissue  at  any 
other  stage  of  life.  On  this  basis,  we  conducted  studies  to  deter¬ 
mine  whether  pathogenic  spastin  peptides  containing  the  se¬ 
quence  unique  to  Ml  may  have  deleterious  effects  on  the  health 
of  the  axon.  The  results  of  these  studies  challenge  the  idea  that 
HSP  is  best  understood  as  a  loss-of-function  disease. 

Materials  and  Methods 

Preparation  of  spastin  constructs  and  antibody.  Mouse  cDNA  encoding 
full-length  spastin  was  purchased  from  Invitrogen  (Carlsbad,  CA).  Spas¬ 
tin  constructs  were  generated  by  cloning  mouse  cDNA  encoding  spastin 
Ml  (amino  acids  2-614)  and  M85  (amino  acids  86-614)  into  mamma¬ 
lian  expression  vector  pCMV-Tag  (Stratagene,  La  Jolla,  CA)  downstream 
from  and  in  frame  with  the  myc-tag.  The  vector  provides  a  perfect  Kozak 
consensus  sequence  and  the  first  methionine  encoding  triplet:  GCC  GC- 
CatgG  for  both  Ml  and  M85  constructs.  The  Ml  construct  does  not  have 
5'  untranslated  region.  AMIT  was  generated  as  a  construct  starting  at 
amino  acid  192  so  as  to  delete  a  domain  called  MIT,  which  is  the  “micro¬ 
tubule  interacting  and  endosomal  trafficking”  domain  (Claudiani  et  al., 
2005;  Roll-Mecak  and  Vale,  2005).  To  generate  truncated  Ml  and  M85 
constructs  for  functional  studies  in  squid  axoplasm,  plasmids  were  di¬ 
gested  with  Ncol  restriction  enzyme  before  in  vitro  transcription/trans¬ 
lation.  The  constructs  for  functional  studies  in  neuronal  cells  were  pre¬ 
pared  by  cloning  cDNA  encoding  the  first  280  amino  acids  of  Ml  or  the 
first  195  amino  acids  of  M85  spastin  into  pEGFP-C  vector  (Clontech, 
Palo  Alto,  CA).  These  expressed  proteins  were  termed  M85-STOP  and 
MI-STOP.  To  prepare  a  polyclonal  antibody  against  spastin,  a  fragment 
of  spastin  cDNA  encoding  amino  acids  337-465  was  cloned  into  the 
bacterial  expression  vector  pRSET  (Invitrogen).  A  peptide  termed  SP/ 
AAA  was  purified,  and  a  rabbit  antiserum  Sp/AAA  was  prepared  by  Co¬ 
calico  Biologicals  (Reamstown,  PA).  IgG  fraction  was  purified  by  protein 
A-Sepharose  chromatography.  The  specificity  of  the  antibody  was 
tested  using  mock-transfected  cells,  cells  transfected  with  Ml  or  M85 
spastin  as  positive  controls,  and  cells  transfected  with  P60-katanin  as  a 
negative  control. 

Quantitative  Western  blotting.  For  quantitative  Western  blotting,  we 
calibrated  the  Sp/AAA  antibody  as  described  previously  (Yu  et  al.,  2005). 
We  also  used  the  polyclonal  P60-katanin  antibody  that  we  previously 
generated,  described,  and  calibrated  (Karabay  et  al.,  2004;  Yu  et  al., 
2005).  To  obtain  standard  curves,  SDS-PAGE  was  performed  using 
10-60  fmol  of  purified  M85  spastin  or  20-200  fmol  of  purified,  full- 
length  P60-katanin.  After  electrophoresis,  proteins  were  transferred  to 
nitrocellulose  and  immunoblotted  with  the  anti-P60-katanin  or  the  anti- 
spastin  antibody  (diluted  1:20,000).  Optical  density  (OD)  was  measured 
for  each  protein  band  corresponding  to  different  concentrations  of  spas¬ 
tin  or  P60-katanin,  and  standard  curves  were  drawn.  Rat  neuronal  tissues 
and  non-neuronal  tissues  were  isolated  at  different  stages  of  development 
[embryonic  day  18  (E18),  postnatal  day  0  (PO),  P6,  P12,  and  adult]  and 
homogenized  in  Laemli’s  sample  buffer  using  1  ml  of  buffer/lOO  mg  of 
tissue  (Yu  et  al.,  2005).  Protein  extracts  obtained  from  1000  /eg  of  tissue 
from  different  developmental  stages  were  used.  One  half  of  the  extract 
was  used  for  Western  blotting  with  anti-spastin  antibody,  and  the  other 
half  was  used  simultaneously  for  Western  blotting  with  anti-P60-katanin 
antibody.  After  reaction  with  chemiluminescent  peroxidase  substrate 
(Super  Signal;  Pierce,  New  York,  NY),  each  blot  was  covered  with  x-ray 
film.  For  OD  readings,  we  used  different  exposure  times  from  5  s  to  4 
min.  P60-katanin  or  spastin  concentrations  were  read  from  standard 
curves  drawn  for  each  blot  on  which  aU  sample  proteins  and  standard 


proteins  were  visualized  under  identical  conditions.  Films  were  imaged 
using  an  Epson  Perfection  1240U  scanner.  The  optical  densities  were 
measured  for  bands  corresponding  to  spastin  and  P60-katanin  using  a 
Macintosh  computer  (Apple  Computers,  Cupertino,  CA)  running  NIH 
Image.  Lysates  of  the  RFL-6  cells  (a  rat  lung  fibroblast  cell  line)  trans¬ 
fected  with  M 1  and  M85  recombinant  myc-tagged  spastin  isoforms  were 
used  to  indicate  the  molecular  weight  (MW)  of  spastins  expressed  in  vivo. 
Myc-tag  is  1 1  amino  acids  long,  and  there  are  three  more  amino  acids 
added  to  spastin  as  a  result  of  cloning.  Altogether,  this  adds  —1.7  kDa  to 
the  recombinant  spastins  MW,  and  therefore  the  control  recombinant 
Ml  and  M85  spastins  migrate  slightly  above  endogenous  spastins. 

Analysis  of  hypothetical  loss  of  microtubule-severing  activity  attributable 
to  spastin  mutation.  After  having  obtained  values  for  the  absolute  levels  of 
P60-katanin  and  spastin,  we  considered  various  possibilities  for  the  loss 
of  total  microtubule-severing  activity  attributable  to  spastin  mutations. 
It  is  unknown  whether  or  not  P60-katanin  and  spastin  have  equal  sever¬ 
ing  activities  within  the  axon,  so  these  calculations  enabled  us  to  further 
evaluate  the  merits  of  a  loss-of-function  scenario  for  HSP.  The  absolute 
levels  of  P60-katanin  and  spastin  expression  in  femtomoles  were  used  to 
calculate  the  overall  loss  of  microtubule-severing  activity  resulting  from 
50%  reduction  of  spastin  activity  caused  by  mutations.  For  these  analy¬ 
ses,  we  reasoned  that,  if  the  microtubule-severing  activity  of  P60-katanin 
in  vivo  equals  that  of  M85-spastin,  then  1  fmol  of  each  protein  represents 
one  arbitrary  microtubule-severing  activity  unit  (AMSU)  and  therefore 
the  total  microtubule-severing  activity  equals  expression  of  P60-katanin 
in  femtomoles  plus  expression  of  spastin  in  femtomoles.  However,  if 
P60-katanin  is  twice  as  active  as  spastin,  then  1  fmol  of  P60-katanin 
would  represent  2  AMSUs,  and  the  total  microtubule-severing  activity 
equals  two  times  expression  of  P60-katanin  in  femtomoles  plus  expres¬ 
sion  of  spastin  in  femtomoles.  In  a  situation  in  which  M85-spastin  is 
twice  as  active  as  P60-katanin,  1  fmol  of  spastin  would  represent  2 
AMSUs,  and  the  total  microtubule-severing  activity  equals  expression  of 
P60-katanin  in  femtomoles  plus  two  times  expression  of  spastin  in  fem¬ 
tomoles.  Galculations  were  performed  for  spinal  cord  and  hippocampus 
in  the  adult  and  at  various  developmental  stages  using  the  hypothetical 
ratios  of  P60-katanin/spastin  activity  2:1,  1:1,  1:2,  1:4,  and  1:10.  The 
total  microtubule-severing  activity  in  spastin  mutants  equals  the 
microtubule-severing  activity  calculated  for  P60-katanin  plus  one-half  of 
the  microtubule-severing  activity  calculated  for  spastin  using  different 
hypothetical  ratios  of  P60-katanin/spastin  activity.  The  overall  loss  of 
microtubule-severing  activity  was  calculated  by  subtracting  the  percent¬ 
age  of  activity  left  in  mutant  from  100%  activity  represented  by  wild-type 
tissue  at  a  given  developmental  stage. 

Preparation,  transfection,  and  immunolabeling  of  cell  cultures.  Gultures 
of  RFL-6  rat  fibroblasts  were  prepared  and  transfected  with  spastin  con¬ 
structs  using  lipofectamine  2000  (catalog  #11668-027;  Invitrogen)  as  de¬ 
scribed  previously  (Buster  et  al.,  2003).  Primary  rat  cortical  neurons  were 
cultured  and  transfected  (with  the  Amaxa  nucleofector;  Amaxa  Biosys¬ 
tems,  Gaithersburg,  MD)  using  the  identical  approach  to  that  which  we 
used  previously  for  cultured  rat  hippocampal  neurons  (Yu  et  al.,  2005). 
For  immunofluorescence  studies,  cells  were  fixed  with  0.2%  glutaralde- 
hyde  and  4%  paraformaldehyde  and  then  postextracted  with  0.1%  Tri¬ 
ton  X-100.  In  the  case  of  the  RFL-6  fibroblasts,  the  cultures  were  then 
double  labeled  by  exposure  first  to  anti-spastin  Sp/AAA  polyclonal  anti¬ 
body  (1:10,000),  overnight  at  4°G,  and  then  to  Alexa  Fluor  488- 
conjugated  goat  anti-rabbit  (catalog  #A11008;  Invitrogen)  and  Cy3- 
conjugated  j8-tubulin  mouse  monoclonal  antibody  for  1  h  (at  1:500). 
Images  were  obtained  on  an  Axiovert  200  microscope  (Zeiss, 
Oberkochen,  Germany)  equipped  with  a  high- resolution  CCD  (Orca  ER; 
Hamamatsu,  Hamamatsu  City,  Japan).  Mean  gray  values  (the  sum  of 
gray  values  of  all  the  pixels  in  a  selected  cell  divided  by  the  number  of 
pixels)  were  obtained  using  AxioVision  software  and  presented  as  arbi¬ 
trary  fluorescence  units  (AFU).  Cells  with  approximately  equal  levels  of 
expressed  protein  were  selected,  and  quantification  was  performed  on 
the  entire  cell.  In  the  case  of  the  cortical  neurons,  the  cells  were  trans¬ 
fected  with  the  truncated  green  fluorescent  protein  (GFP)-spastin  con¬ 
structs  or  GFP  control  and  then  double-labeled  for  GFP  and  actin,  as 
described  previously  (Yu  et  al.,  2005).  Double-label  overlay  images  were 
obtained  with  a  Zeiss  Pascal  LSM  5  confocal  microscope  (with  the  pin- 
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hole  wide  open).  For  each  experimental  condition,  neurons  were  scored 
according  to  the  stage  of  development,  and  the  length  of  the  axon  for 
neurons  that  had  entered  stage  3  of  development  was  measured  using 
Pascal  LSM  5  software  (Yu  et  al.,  2005;  Qiang  et  ah,  2006).  Statistics  were 
done  using  Mann- Whitney  U  test  or  test. 

In  vitro  translation.  For  studies  on  vesicle  motility  in  squid  axoplasm, 
spastin  polypeptides  were  produced  by  in  vitro  transcription/translation 
(TnT  T7  coupled  Reticulocyte  Lysate  system;  Promega,  Madison,  WI),  as 
described  previously  (Szebenyi  et  al.,  2003;  Morfini  et  al.,  2006).  Typi¬ 
cally,  1-2  p,g  of  plasmids  were  transcribed  in  a  50  fxl  reaction  mix,  fol¬ 
lowing  the  procedures  of  the  manufacturer.  In  vitro  translation  products 
were  briefly  centrifuged  to  eliminate  translation  machinery,  and  super¬ 
natants  were  frozen  in  liquid  N2  until  use.  Spastin  polypeptides  were 
typically  perfused  at  1-10  nM  levels.  To  ensure  that  the  same  levels  of 
spastin  peptides  were  perfused  for  each  experimental  condition,  parallel 
reactions  were  performed  using  ^^S-labeled  methionine  (GE  Flealthcare, 
Little  Chalfont,  UK),  and  relative  levels  were  quantified  using  phospho- 
imaging  scanning  methods  (Morfini  et  al.,  2006). 

Vesicle  motility  assays  in  isolated  squid  axoplasm.  Axoplasm  was  ex¬ 
truded  from  giant  axons  of  the  squid  Loligo  pealeii  (Marine  Biological 
Laboratory,  Woburn,  MA)  as  described  previously  (Szebenyi  et  al.,  2003; 
Morfini  et  al.,  2006,  2007b).  Axons  were  400-600  fcm  in  diameter  and 
provided  ^5  /rl  of  axoplasm.  Recombinant  in  vitro  translated  spastin 
peptides  were  diluted  into  X72  buffer  (in  mM:  175  potassium  aspartate,  65 
taurine,  35  betaine,  25  glycine,  10  FIEPES,  6.5  MgClj,  5  EGTA,  1.5  GaGlj, 
and  0.5  glucose,  pH  7.2)  supplemented  with  2-5  mM  ATP.  Twenty  mi¬ 
croliters  of  this  mixture  was  added  to  perfusion  chambers  (Brady  et  al., 
1993).  Preparations  were  analyzed  on  a  Zeiss  Axiomat  with  a  lOOX,  1.3 
numerical  aperture  objective  and  differential  interference  contrast  op¬ 
tics.  Hamamatsu  Argus  20  and  model  2400  GCDs  were  used  for  image 
processing  and  analysis.  Organelle  velocities  were  measured  with  a  Pho¬ 
tonics  Microscopy  C2117  video  manipulator  (Hamamatsu).  All  experi¬ 
ments  were  repeated  at  least  three  times.  Unless  otherwise  stated,  the  data 
were  analyzed  by  ANOVA,  followed  hy  post  hoc  Student-Newman-Keuls 
test  to  make  all  possible  comparisons. 

Results 

The  functions  of  spastin  were  completely  unknown  until  se¬ 
quence  homology  with  P60-katanin  suggested  that  spastin  might 
also  be  a  microtubule-severing  protein  (Errico  et  al.,  2002).  The 
microtubule-severing  properties  of  spastin  have  now  been  con¬ 
firmed  experimentally  by  overexpression  of  spastin  in  cells,  as 
well  as  by  application  of  recombinant  spastin  protein  to  purified 
microtubules  and  extracted  cells  (Errico  et  al.,  2002;  Evans  et  al., 
2005;  Roll-Mecak  and  Vale,  2005).  However,  it  is  unclear  whether 
alterations  in  this  activity  are  the  principle  cause  of  degeneration 
of  a  specific  population  of  axons  in  the  adult  spinal  cord  during 
HSP.  In  addition,  little  is  still  known  about  the  molecular  forms 
of  spastin  expressed  in  different  tissues  or  the  relative  contribu¬ 
tion  of  spastin  and  P60-katanin  to  microtubule  function  in  dif¬ 
ferent  neuronal  populations. 

The  vertebrate  spastin  gene  has  two  start  codons  that  produce 
a  long  form  and  a  shorter  protein  lacking  the  first  84  amino  acids 
of  the  full-length  protein  (Claudiani  et  al.,  2005).  We  refer  to  the 
full-length  68  kDa  spastin  protein  as  Ml  and  the  shorter  60  kDa 
protein  as  M85  (Pig.  lA).  We  generated  DNA  constructs  for 
mouse  Ml  and  M85,  both  driven  by  strong  promoters  for  use  in 
our  experimental  studies.  In  addition,  we  made  a  construct  start¬ 
ing  at  amino  acid  192  so  as  to  delete  a  domain  called  MIT,  which 
is  the  “microtubule  interacting  and  endosomal  trafficking”  do¬ 
main  (Claudiani  et  al.,  2005;  Roll-Mecak  and  Vale,  2005).  We 
refer  to  this  last  construct  as  AMIT.  We  also  generated  constructs 
that  produce  truncated,  HSP-related  versions  of  M85  and  Ml 
(see  below). 

To  date,  there  have  been  no  functional  studies  comparing  the 
microtubule-severing  properties  of  Ml  and  M85,  nor  have  there 
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Figure  1.  Mouse  spastin  constructs  and  antibody.  4,  Schematic  diagram  of  full-length 
mouse  spastin  Ml  derived  from  translation  starting  at  methionine  1,  MSS  spastin  derived  from 
translation  starting  at  methionine  85,  and  AMIT,  which  corresponds  to  our  construct  that  lacks 
the  MIT  domain.  NLS1  and  NLS2,  Nuclear  localization  signals;  NES,  nuclear  export  signal;  MIT, 
microtubule-interacting  and  trafficking  domain;  AAA,  AAA  domain;  Ab  Sp/AAA,  anti-spastin 
antibody  was  prepared  against  amino  acids  337-  465. 6,  Detection  of  spastin  with  anti-spastin 
antibody  Sp/AAA.  Ml  (68  kDa),  M85  (60  kDa),  or  AMIT  (47  kDa)  proteins  were  specifically 
detected  in  lysates  from  RFL-6  cells  transfected  with  Ml,  M85,  or  AMIT  spastin  constructs. 
Sp/AAA  antibody  does  not  cross-react  with  P60-katanin  in  a  lysate  from  P60-katanin  (P60) 
transfected  cells.  Endogenous  spastin  was  not  detected  in  control  REL-6  cells  using  Sp/AAA 
antibody  when  concentration  of  total  protein  was  comparable  with  that  from  transfected  cells. 
When  higher  amounts  of  lysates  were  used,  a  60  kDa  band  corresponding  to  endogenous  M85 
spastin  was  detected  (data  not  shown).  P60-katanin  was  readily  detected  in  both  P60-katanin 
transfected  (P60)  and  control  RFL-6  cells  with  anti-P60-katanin  antibody.  C,  Control  lane. 


been  any  quantitative  studies  on  the  levels  of  Ml  and  M85  in 
different  regions  of  the  nervous  system  at  different  stages  of  life. 
We  previously  performed  quantitative  analyses  on  the  absolute 
levels  of  P60-katanin  in  adult  and  developing  rat  tissues  (Yu  et  al., 
2005).  One  of  the  stumbling  blocks  to  performing  analogous 
studies  on  spastin  has  been  the  lack  of  high-quality  antibodies 
that  can  be  used  on  rodent  tissues.  We  have  now  developed  a 
polyclonal  antibody  against  amino  acids  337-465  of  mouse  spas¬ 
tin  (Fig.  1  A).  This  antibody,  which  we  call  Sp/AAA,  proved  to  be 
highly  specific  for  spastin  in  our  Western  blot  analyses.  The  an¬ 
tibody  detected  Ml,  M85,  and  AMIT  spastin  in  lysates  from 
RFL-6  cells  transfected  with  corresponding  spastin  constructs 
(used  as  positive  controls)  but  did  not  detect  any  band  corre- 
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spending  to  P60-katanin  in  lysates  ob¬ 
tained  from  RFL-6  cells  transfected  with 
our  P60-katanin  construct  (P60),  used  as  a 
negative  control  (Fig.  If?).  Interestingly, 
endogenous  spastin  expression  in  mock- 
transfected  RFL-6  cells  (Fig.  IS,  lane  C),  a 
non-neuronal  cell  line,  is  very  low;  detec¬ 
tion  of  spastin  in  these  cells  required  larger 
amounts  of  cell  lysate  than  those  sufficient 
to  detect  P60-katanin  with  the  anti-P60- 
katanin  antibody. 
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Evaluation  of  microtubule-severing  by 
Ml,  M85,  and  AMIT 

Additional  Western  blotting,  shown  later, 
demonstrates  that  M85  is  the  predomi¬ 
nant  isoform  of  spastin  in  all  tissues  at  all 
stages  of  development  analyzed.  This 
observation  raised  the  question  as  to 
whether  Ml  and  M85  differ  in  their 
functional  properties.  To  compare  their 
microtubule-severing  properties,  we 
transfected  myc  fusions  of  Ml  and  M85 
into  rat  RFL-6  fibroblasts.  We  also  trans¬ 
fected  these  cells  with  the  AMIT  con¬ 
struct  to  compare  the  degree  to  which 
the  protein  severs  microtubules  with  or 
without  the  MIT  domain.  At  24  h  after 
transfection,  the  cells  were  prepared  for 
immunofluorescence  microscopy  by 
double  labeling  with  the  Sp/AAA  anti¬ 
body  and  an  anti-tubulin  antibody. 

There  was  no  detectable  endogenous 
spastin  in  interphase  RFL-6  cells,  so  the 
staining  with  the  Sp/AAA  antibody  re¬ 
vealed  the  overexpressed  protein  only 
(Fig.  2A).  Cells  were  selected  for  analy¬ 
ses  with  approximately  equivalent  levels 
of  expression  of  the  spastin  constructs, 
as  assessed  by  fluorescence  intensity  of 
the  Sp/AAA  antibody  staining.  Microtu¬ 
bule  levels  were  assessed  by  quantifying 
fluorescence  intensity  with  an  anti¬ 
tubulin  antibody.  This  experiment  re¬ 
vealed  that  all  three  of  the  recombinant 
spastins  sever  microtubules  but  to  dif¬ 
ferent  degrees  (Fig.  2B-D).  The  most  ef¬ 
fective  was  M85.  Microtubule  loss  in 
cells  overexpressing  M85  was  the  great¬ 
est  (only  ~10%  of  microtubule  staining 
remained  compared  with  the  control 
cells,  indicated  by  arrowheads;  Fig.  2,  row  B).  The  remaining 
microtubules  were  very  short  and  sparse,  rendering  the  af¬ 
fected  cells  almost  invisible  after  tubulin  staining  (Fig.  2,  col¬ 
umn  M85).  As  previously  reported  (White  et  al.,  2007),  the 
absence  of  the  MIT  domain  did  not  abolish  the  severing  ability 
of  spastin.  However,  microtubule  severing  was  not  as  great 
with  AMIT  as  with  M85  (~25%  of  microtubule  staining  re¬ 
mained,  and  the  remaining  microtubules  were  longer;  Fig.  2, 
column  AMIT).  In  cells  overexpressing  Ml,  ~60%  of  the  mi¬ 
crotubule  staining  remained  and  the  microtubules  were  con¬ 
siderably  longer  than  those  in  cells  expressing  M85  or  AMIT 
(Fig.  2,  column  Ml).  On  the  basis  of  these  results,  we  conclude 
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Figure  2.  Microtubule  severing  by  recombinant  spastins  in  rat  fibroblasts.  RFL-6  cells  were  transfected  with  myc-tagged 
spastin  constructs  Ml,  M85,  or  AMIT.  A,  Spastin-transfected  cells  were  detected  by  immunostaining  with  Sp/AAA  anti-spastin 
antibody.  6,  Microtubules  were  visualized  by  immunostaining  with  anti-tubulin  antibody.  Spastin-overexpressing  cells  are  out¬ 
lined.  Nontransfected  cells  are  indicated  by  arrowheads.  These  cells  are  not  readily  visible  in  4  because  of  very  low  expression  of 
endogenous  spastin.  C,  Enlargements  of  boxed  areas  from  B.  Arrows  point  at  microtubules  stained  with  anti-tubulin  antibody. 
Microtubules  in  Ml-overexpressing  cells  are  much  longer  than  microtubules  in  M85-overexpressing  or  AMIT-overexpressing 
cells.  D,  Quantification  of  microtubule  levels  in  control  and  transfected  cells  are  shown  for  each  recombinant  spastin.  The  p  values 
were  calculated  using  Mann-Whitney  t/test.  AFUs  represent  the  sum  of  gray  values  of  all  the  pixels  in  a  selected  cell  divided  by  the 
number  of  pixels.  Scale  bar:  A,  B,  30  jem;  C,  9.5  jxm. 


that  M85  severs  microtubules  more  effectively  than  Ml  and 
that  the  MIT  domain  enhances  the  severing  ability  of  spastin. 

Quantification  of  spastin  and  P60-katanin  in  rat  tissues 

Patients  with  SPG4-based  HSP  have  one  mutated  spastin  allele 
that  produces  a  dysfunctional  protein,  as  well  as  one  nonmutated 
allele.  Assuming  no  compensatory  changes  exist,  this  would  di¬ 
minish  the  pool  of  functional  spastin  by  50%.  One  possibility  is 
that  the  total  levels  of  both  microtubule-severing  proteins,  P60- 
katanin  and  spastin,  determine  whether  a  particular  neuron  will 
suffer  or  not  from  a  reduction  in  functional  spastin  levels.  West¬ 
ern  blot  analyses  indicate  that  P60-katanin  has  a  broad  distribu- 
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Figure  3.  Quantification  of  PbO-katanin  and  spastin  in  developing  CNS  tissues./!,  Calibration 
of  anti-spastin  and  anti-P60-katanin  antibodies.  Standard  curves  were  obtained  using  10-60 
fmol  of  spastin  or  20  -200  fmol  of  P60-katanin.  8,  Western  blots  of  spastin  and  P60-katanin  in 
developing  rat  tissues.  Tissues  (heart,  hippocampus,  cerebral  cortex,  and  spinal  cord)  were 
collected  and  combined  from  12  El  8  rats,  eight  POrats,  six  P6  rats,  six  P12  rats,  and  four  adult 
(Ad)  rats.  Protein  extracts  from  1 000  jcig  of  combined  tissues  in  sample  buffer  were  divided  into 
halves.  One  half  of  the  lysate  was  used  for  Western  blotting  with  anti-spastin  antibody,  and  the 
other  half  was  blotted  simultaneously  with  anti-P60-katanin  antibody.  The  Ml  and  IV185  recom¬ 
binant  myc-tagged  spastin  isoforms  synthesized  in  RFL-6  cells  transfected  with  corresponding 
constructs  were  used  to  indicate  the  MW  of  spastins  expressed  in  developing  tissues.  Myc-tag 
adds  ~  1 .7  kDa  to  the  recombinant  spastins  MW  (see  Materials  and  Methods),  and  therefore  the 
control  recombinant  Ml  and  M85  spastins  migrate  slightly  above  endogenous  spastins.  After 
short  exposure  (5-15  s),  only  M85  was  detected.  In  heart  (representing  non-neuronal  tissue), 
the  levels  of  spastin  expression  were  considerably  lower  than  in  CNS  tissues.  C,  The  optical 
densities  were  measured  for  bands  representing  M85  spastin  or  P60-katanin  in  neuronal  tis¬ 
sues,  and  protein  concentrations  were  read  from  standard  curves.  At  each  time  point,  expres¬ 
sion  of  P60-katanin  is  higher  than  that  of  spastin,  but,  during  development,  P60-katanin  levels 
decline  much  more  rapidly  than  spastin  levels.  As  a  result,  the  total  difference  in  P60-katanin/ 
spastin  expression  decreases  from  —130  fmol/500  /ig  in  embryonic  CNS  tissues  to  —25  fmol/ 
500  p,g  in  adult  tissues. 


tion  across  neuronal  and  non-neuronal  tissues  (Yu  et  al.,  2005), 
whereas  spastin  expression  is  much  more  predominant  in  ner¬ 
vous  tissue  compared  with  non-nervous  tissue  (Fig.  3B) .  The  lack 
of  strong  expression  in  non-nervous  tissues  is  consistent  with 
these  tissues  not  being  affected  by  spastin  mutations.  Addition¬ 
ally,  our  Western  blots  analyses  show  that  M85  is  the  predomi¬ 
nant  spastin  isoform  detected  in  all  tissues  at  all  times  analyzed 


(Fig.  3B).  Quantitative  analysis  of  these  blots  shows  that  the  ab¬ 
solute  levels  of  P60-katanin  always  exceed  the  absolute  levels  of 
spastin,  with  P60-katanin  levels  being  fivefold  to  sixfold  higher 
than  spastin  levels  in  some  areas  of  the  nervous  system  during 
development.  The  levels  of  both  severing  proteins  decline  in  the 
adult,  but  the  levels  of  P60-katanin  decline  more  dramatically 
than  the  levels  of  spastin,  so  that  the  disparity  between  their  levels 
is  not  nearly  as  great  in  the  adult  as  during  development  (Fig.  3C). 

At  first  glance,  these  results  would  appear  to  be  consistent  with 
a  loss-of- function  scenario  for  FFSP,  in  which  high  levels  of  P60- 
katanin  compensate  for  the  loss  of  spastin  at  younger  ages  and  in 
most  tissues  of  the  adult  nervous  system.  In  such  a  scenario,  the 
combined  levels  of  P60-katanin  and  spastin  would  not  be  suffi¬ 
cient  in  the  adult  corticospinal  tracts  to  compensate  for  the  loss- 
of-functional  spastin  associated  with  disease-related  mutations. 
However,  the  level  of  microtubule  severing  produced  by  each  of 
these  proteins  depends  not  only  on  the  absolute  levels  of  P60- 
katanin  and  spastin  but  also  on  the  relative  severing  activity  of  the 
two  enzymes.  Both  proteins  are  ATPases  that  require  ATP  hydro¬ 
lysis  to  sever  microtubules.  The  (nanomoles  of  ATP  hydro¬ 
lyzed  per  minute  per  milligram  of  ATPase)  values  obtained  for 
both  proteins  is  in  the  same  range:  0.60  for  P60-katanin  (McNally 
and  Vale,  1993)  and  0.66  for  spastin  (Evans  et  al,  2005).  In  vitro, 
the  ability  to  sever  purified  microtubules  seems  to  be  higher  for 
P60-katanin.  For  example,  —30  nM  P60-katanin  completely  dis¬ 
assembled  rhodamine-labeled  microtubules  within  5  min  (Mc¬ 
Nally  and  Vale,  1993),  whereas  TOO  nM  spastin  was  used  for  17 
min  to  observe  the  same  effect  (Evans  et  al.,  2005).  However,  it  is 
important  to  note  that  the  spastin  used  in  these  experiments  was 
the  Ml  isoform,  which  our  experiments  indicate  is  less  active 
than  the  M85  isoform  (Fig.  2).  Thus,  it  is  likely  that  the  in  vitro 
severing  activity  of  M85  spastin  (which  is  the  predominant  iso¬ 
form)  is  more  similar  to  that  of  P60-katanin.  Evaluation  of  the 
in  vivo  microtubule-severing  activity  of  P60-katanin  and  spas¬ 
tin  is  further  complicated  by  the  fact  that  microtubules  in 
living  cells  are  covered  with  microtubule-associated  proteins, 
some  of  which  can  potentially  shield  the  microtubules  from 
the  severing  proteins  (Qiang  et  al.,  2006). 

Given  these  limitations  in  determining  the  actual  severing  ac¬ 
tivities  of  P60-katanin  and  spastin  in  living  cells,  we  conducted 
theoretical  analyses  considering  various  possibilities  for  the  rela¬ 
tive  severing  activities  of  these  two  proteins  (see  Materials  and 
Methods).  Specifically,  our  goal  was  to  estimate  how  different 
hypothetical  ratios  of  P60-katanin  and  M85-spastin  activity 
would  affect  total  microtubule-severing  activity  in  various  tis¬ 
sues,  under  conditions  wherein  a  spastin  mutation  decreased  the 
total  spastin  activity  by  50%.  These  calculations  are  based  on  the 
levels  of  P60-katanin  and  M85-spastin  in  various  regions  of 
the  nervous  system  at  various  times  in  development  (Fig.  3).  The 
estimated  percentage  loss  of  total  microtubule-severing  activity 
resulting  from  a  50%  loss  of  M85-spastin  is  shown  in  Figure  4. 
Calculations  were  performed  for  spinal  cord  and  hippocampus  in 
the  adult  and  at  various  developmental  stages,  using  various  hy¬ 
pothetical  ratios  ofP60-katanin/spastin  activity  (2:1, 1:1, 1:2, 1:4, 
and  1:10).  These  calculations  revealed  that,  regardless  of  the  P60- 
katanin/spastin  activity  ratio,  the  loss  of  total  microtubule- 
severing  activity  resulting  from  a  spastin  mutation  would  actually 
be  similar  or  even  lower  in  the  adult  spinal  cord  than  in  develop¬ 
ing  spinal  cord  or  hippocampus  (with  the  exception  of  El 8 
hippocampus). 

These  results  do  not  appear  to  support  a  loss-of- function  sce¬ 
nario  for  HSP,  unless  the  axons  in  the  adult  spinal  cord  are 
uniquely  sensitive  to  diminutions  in  microtubule-severing  activ- 
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Figure  4.  Estimated  loss  of  total  microtubule-severing  activity  attributable  to  spastin  M85 
mutation.  These  analyses  are  based  on  the  levels  of  P60-katanin  and  IV185  spastin  in  various 
regions  of  the  nervous  system  at  various  times  of  development  presented  in  Figure  3.  Calcula¬ 
tions  were  performed  for  both  spinal  cord  and  hippocampus  in  the  adult  and  at  different  devel¬ 
opmental  stages  using  the  hypothetical  ratios  of  P60-katanin/spastin  activity  2:1, 1 :1, 1 :2, 1 :4, 
and  1 :1 0.  The  loss  of  total  severing  activity  resulting  from  spastin  mutation  would  not  be  greater 
in  an  adult  spinal  cord  than  in  a  developing  spinal  cord  or  hippocampus  (with  the  exception  of 
E18  hippocampus).  Even  if  we  assume  that  spastin  is  10  times  as  active  as  P60-katanin,  the  loss 
of  total  severing  activity  in  adult  spinal  cord  would  be  <40%.  Assuming  a  more  realistic  sce¬ 
nario  wherein  spastin  might  be  two  times  as  active  as  P60-katanin,  a  total  loss  of  microtubule- 
severing  activity  would  be  only  17%  in  adult  spinal  cord.  If  spastin  and  P60-katanin  activities 
were  equal  (1:1),  then  the  loss  of  activity  resulting  from  spastin  mutation  would  be  only  ~  1 1  % 
in  adult  spinal  cord. 

ity  that  do  not  affect  axons  in  the  developing  spinal  cord  or  other 
regions  of  the  nervous  system  (perhaps  because  of  the  greater 
length  of  axons  in  the  adult  spinal  cord).  However,  even  if  we 
assume  that  spastin  is  10  times  as  active  as  P60-katanin,  the  loss  of 
total  severing  activity  in  adult  spinal  cord  would  be  <40%.  As¬ 
suming  that  P60-katanin  and  spastin  activities  are  equal,  then  the 
loss  of  activity  resulting  from  spastin  mutation  would  be  only 
~  1 1%  in  adult  spinal  cord.  In  a  more  realistic  scenario,  assuming 
that  spastin  might  be  two  times  as  active  as  P60-katanin,  a  total 
loss  of  microtubule-severing  activity  would  be  only  17%  in  adult 
spinal  cord.  To  our  knowledge,  there  is  no  precedent  for  neuro¬ 
pathologies  resulting  from  diminutions  in  enzyme  activities  in 
this  range,  given  that  virtually  all  known  enzymatic  activities  ex¬ 
ceed  what  is  needed  for  normal  function.  In  this  regard,  it  is  also 
worth  noting  that  the  concentration  of  P60-katanin  alone  in  neu¬ 
ronal  tissues  is  in  the  same  range  as  the  concentration  able  to 
cause  complete  disassembly  of  microtubules  in  vitro  within  min¬ 
utes.  Thus,  it  seems  unlikely  that  neurons  lacking  half  their  nor¬ 
mal  spastin  would  suffer  from  too  little  microtubule-severing 
activity. 

Quantitative  observations  on  Ml  and  M85  distribution  sug¬ 
gest  another  potential  scenario  for  HSP  pathogenesis.  Overex¬ 
posing  the  blots  (Fig.  5A)  revealed  extremely  faint  Ml  bands  in 
hippocampus  and  cerebral  cortex  but  only  during  development. 
However,  there  was  no  Ml  band,  even  on  overexposed  blots,  in 
the  adult  hippocampus,  the  adult  cerebral  cortex,  or  the  develop¬ 
ing  spinal  cord.  The  only  circumstance  in  which  we  detected  a 
substantial  Ml  band  in  the  nervous  system  was  in  the  adult  spinal 
cord.  We  tested  three  adult  animals,  3-8  months  old,  and  found 
that  the  level  of  Ml  expression  remains  approximately  the  same 
and  comprises  ~20-25%  of  total  spastin  (and  would  be  equiva¬ 


lent  to  ~10%  of  P60-katanin)  in  the  adult  spinal  cord  (Fig.  5B- 
D).  At  the  same  time,  we  were  unable  to  detect  even  traces  of  Ml 
or  M85  in  sciatic  nerves  isolated  from  the  same  animals  (Fig.  5B). 
In  contrast,  P60-katanin  levels  were  comparable  in  adult  sciatic 
nerves  and  spinal  cords  (Fig.  5C).  The  absence  of  spastin  from  the 
adult  sciatic  nerve  suggests  that  spastin  may  be  primarily  a  CNS 
protein  in  the  adult,  which  is  consistent  with  the  fact  that  HSP 
does  not  involve  degeneration  of  axons  of  the  peripheral  nervous 
system.  The  presence  of  Ml  strongly  correlates  with  the  time  and 
place  where  the  axonal  degeneration  occurs  in  HSP,  suggesting  a 
possible  “gain-of-function”  mechanism  associated  with  this 
spastin  isoform. 

Effects  of  dysfunctional  spastin  peptides  on 
neuronal  morphology 

The  biochemical  studies  presented  thus  far  led  us  to  hypothesize 
a  potential  scenario  whereby  dysfunctional  Ml,  but  not  M85, 
elicits  deleterious  effects  on  the  axon.  Approximately  75%  of  the 
disease-related  mutations  of  human  SPG4  locus  are  truncating  or 
splice-site  mutations  (Fonknechten  et  al.,  2000;  Meijer  et  ah, 
2002;  Sauter  et  al.,  2002).  Therefore,  as  a  first  measure  toward 
testing  this  hypothesis,  we  prepared  constructs  that  would  mimic 
the  dysfunctional  mutants  expressed  during  HSP  by  completely 
eliminating  the  AAA  region  of  spastin  required  for  microtubule 
severing  (see  Materials  and  Methods).  For  studies  on  cultures  of 
embryonic  rat  cortical  neurons,  M85-STOP  and  MI-STOP  were 
prepared  as  GFP  fusion  constructs.  We  chose  to  use  these  cultures 
because  cortical  neurons  give  rise  to  the  corticospinal  tracts  that 
are  afflicted  with  degeneration  in  HSP  patients.  In  culture,  these 
neurons  undergo  stereotyped  developmental  stages,  entirely  sim¬ 
ilar  to  cultured  hippocampal  neurons  (Yu  et  al.,  2005;  Qiang  et 
al.,  2006).  During  stage  1,  they  extend  broad  fiat  lamellae  that 
coalesce  during  stage  2  into  several  immature  “minor  processes.” 
One  of  these  minor  processes  grows  longer  than  the  others  and 
becomes  the  axon  during  stage  3.  Constructs  expressing  GFP- 
M85-STOP,  GFP-Ml-STOP,  or  GFP  alone  were  transfected  into 
the  neurons  just  before  plating,  and  the  neurons  were  then  fixed 
and  analyzed  2  d  later.  Cultures  were  double  labeled  for  GFP  and 
also  for  actin.  The  purpose  of  the  actin  stain  was  to  ensure  that 
our  images  captured  the  full  morphology  of  the  neuron,  in  the 
event  that  the  GFPs  were  not  distributed  into  all  regions  such  as 
the  finest  filopodia.  We  attempted  to  select  neurons  with  similar 
levels  of  GFP  fluorescence  for  our  analyses,  although  the  neurons 
expressing  GFP-Ml-STOP  uniformly  showed  lower  levels  of  ex¬ 
pression  than  the  neurons  expressing  GPP  alone  or 
GFP-M85-STOP. 

As  shown  in  Figure  6  A,  the  proportions  of  cells  in  stages  2  and 
3  were  indistinguishable  between  the  control  group  and  the  M85- 
STOP  group  ( p  =  0.76).  In  contrast,  a  notably  greater  proportion 
of  the  cells  have  not  entered  stage  3  in  the  MI-STOP  group  ( p  = 
0.0033  for  control  vs  MI-STOP  cells  in  stage  3;  p  =  0.0074  for 
M85-STOP  vs  MI-STOP  cells).  Figure  6B-D  shows  the  mor¬ 
phology  of  neurons  that  had  entered  stage  3.  Control  neurons 
typically  had  three  to  six  minor  processes,  and  the  axon  generally 
showed  a  few  branches  along  its  length  and  was  tipped  by  a  flat 
growth  cone  (Fig.  6B).  Neurons  expressing  M85-STOP  appeared 
to  be  equally  robust,  with  no  apparent  difference  in  process  num¬ 
ber  or  length.  The  only  detectable  difference  was  that  axons  of 
neurons  expressing  M85-STOP  appeared  to  be  richer  in  actin- 
based  lateral  extensions  emanating  from  the  axon  (Fig.  6D).  In 
contrast,  the  neurons  expressing  Ml -STOP  had  markedly  less 
impressive  morphologies,  with  fewer  processes  and  shorter  axons 
(Fig.  6C).  Quantification  of  axonal  length  indicated  no  difference 


Solowska  et  al.  •  Spastin  in  the  Nervous  System 


J.  Neurosci.,  February  27, 2008  •  28(9):2147-2157  •  2153 


A 

Hippocampus  Cerebral  cortex  Spinal  cord 

Ml  M85  E18  PO  P12  Ad  E18  PO  P12  Ad  E18  PO  P12  Ad 


Figure  5.  Expression  of  spastin  isoforms  in  neuronal  tissues  J,  Western  blots  of  spastin  in  developing  and  adult  rat  CNS  tissues. 
Spastin  isoforms  were  detected  in  protein  extracts  from  500  ftg  of  tissues  using  anti-spastin  Sp/AAA  antibody  and  secondary 
antibody  conjugated  with  HRP.  After  reaction  with  chemiluminescent  peroxidase  substrate  and  long  exposure  time  (2  min), 
prominent  spastin  IVI85  bands  were  detected  in  CNS  tissues  at  all  developmental  stages,  but  only  adult  spinal  cord  expressed 
strong  levels  of  spastin  Ml  (arrow).  Very  weak  spastin  Ml  bands  were  detected  in  embryonic  but  not  adult  hippocampus  and 
cerebral  cortex.  Ml,  MSS,  Spastin  isoforms  from  Ml-  or  M85-transfected  RFL-6  cells  indicate  the  size  of  spastin  present  in 
developing  tissues;  Ad,  adult.  8,  Sciatic  nerve  or  spinal  cord  protein  extracts  from  three  rats,  3-  8  months  old,  were  blotted  with 
anti-spastin  Sp/AAA  antibody.  Even  after  long  exposure  (4  min),  no  spastin  was  detected  in  three  adult  sciatic  nerve  lysates, 
whereas  both  M85  and  Ml  spastin  were  clearly  present  in  lysates  from  adult  spinal  cords.  C,  Aliquots  blotted  with  anti-P60- 
katanin  antibody  show  that  P60-katanin  is  expressed  in  both  adult  sciatic  nerves  and  spinal  cords.  D,  Quantification  of  M85  and  Ml 
spastin  in  spinal  cords  of  3-month-old  (1),  7-month-old  (2),  and  8-month-old  (3)  rats. 


between  axons  in  the  control  group  and  the  M85-STOP  group 
(p  =  0.1),  but  the  axons  were  significantly  shorter  in  the  Ml- 
STOP  group  ip  =  0.0024  compared  with  controls;  p  <  0.0001 
compared  with  M85-STOP)  (Fig.  6E).  These  results  reveal  that 
expression  of  Ml -STOP  is  deleterious  to  neuronal  development 
and  axonal  growth,  whereas  the  same  is  not  true  for  expression  of 
M85-STOP. 

Effects  of  dysfunctional  spastin  peptides  on  fast 
axonal  transport 

Previous  studies  on  mutant  proteins  related  to  other  neurode- 
generative  diseases  indicate  that  such  mutants  can  produce  gain- 
of- function  effects  hy  adversely  affecting  pathways  relevant  to  fast 
axonal  transport  (FAT)  (Morfini  et  al,  2002,  2004,  2005,  2006, 
2007h;  Pigino  et  al.,  2003).  Significantly,  several  lines  of  evidence 
link  alterations  in  FAT  to  HSP-based  pathogenesis.  For  example, 
loss-of- function  mutations  in  the  kinesin-1  motor  KIF5A  have 
heen  identified  in  patients  with  an  autosomal-dominant  form  of 
HSP  (Reid  et  al,  2002).  To  directly  determine  whether  there  is  an 
effect  of  the  dysfunctional  spastin  molecules  on  FAT,  wild-type 
and  truncated  spastin  constructs  were  translated  in  vitro  (Fig. 
7A),  and  the  effects  of  the  resulting  peptides  on  FAT  were  evalu¬ 
ated  using  vesicle  motility  assays  in  isolated  squid  axoplasm.  In 
this  type  of  study,  video-enhanced  microscopic  techniques  allow 
for  the  quantitative  analysis  of  hoth  anterograde  (kinesin- 
dependent)  and  retrograde  (cytoplasmic  dynein-dependent) 
FAT.  Typical  anterograde  rates  are  1. 5-2.0  pm/s,  whereas  retro¬ 


grade  rates  are  1-1.3  pm/s  in  perfused 
axoplasms.  These  rates  are  maintained 
with  little  (<  10%)  or  no  reduction  for  >  1 
h  after  perfusion  with  control  buffer. 

Although  control  reactions  with  no 
cDNA  did  not  result  in  detectable  protein 
synthesis,  two  functional  start  codons  in 
the  full-length  spastin  gene  (Spastin  FL) 
resulted  in  the  translation  of  Ml  (spastin 
amino  acids  1-614)  and  M85  (spastin 
amino  acids  85-614),  as  described  previ¬ 
ously  (Fig.  7A)  (Claudiani  et  al.,  2005).  As 
shown  in  Figure  7B,  perfusion  of  full- 
length  Ml  and  M85  (Spastin  FL)  in  squid 
axoplasm  showed  no  effect  on  FAT.  Simi¬ 
lar  results  were  observed  after  perfusion  of 
AMIT  (Fig.  7C).  Quantification  of  in  vitro 
translated  spastin  constructs  indicated 
that  these  proteins  were  perfused  at  ~  1-10 
nM  concentration,  whereas  endogenous 
squid  tubulin  is  present  at  50  pM  concen¬ 
tration  (Morfini  et  al.,  2007a).  No  abnor¬ 
malities  were  seen  on  the  morphology  of 
axoplasmic  microtubules  (Morfini  et  al, 
2007a) ,  consistent  with  the  large  difference 
(5000-fold  to  50,000-fold)  in  spastin-tu- 
bulin  stoichiometries  (data  not  shown). 
The  very  low  concentrations  we  used  were 
chosen  so  as  to  avoid  any  consequential 
alterations  in  microtubule  severing  in  the 
controls  and  because  concentrations  of 
mutant  peptides  in  this  range  have  pro¬ 
duced  defects  in  FAT  at  comparable  levels 
in  the  previous  studies  mentioned  above. 

Perfusion  of  the  mixture  of  Ml -STOP 
and  M85-STOP  in  squid  axoplasm  at  these 
levels  resulted  in  a  striking  inhibition  of  both  anterograde  and 
retrograde  FAT  rates  (Fig.  7D).  These  data  suggest  that  patho¬ 
genic  spastin  inhibits  FAT  in  a  manner  that  is  independent  of  the 
microtubule-severing  activity  of  spastin.  Additionally,  these  ex¬ 
periments  suggest  that  protein  truncation  confers  on  spastin  a 
toxic  gain  of  function  that  results  in  inhibition  of  FAT.  Separate 
pools  of  MI-STOP  and  M85-STOP  were  then  generated  by  in 
vitro  translation  and  individually  perfused  in  isolated  squid  axo¬ 
plasm  (Fig.  8).  Results  from  these  experiments  showed  that  trun¬ 
cated  Ml  inhibited  FAT  (Fig.  8A),  whereas  truncated  M85 
showed  no  effect  (Fig.  8B).  These  results  indicate  that  the  inhib¬ 
itory  effect  of  pathogenic  spastin  on  FAT  depends  on  the 
N-terminal  8  kDa  region  exclusively  present  in  Ml  spastin. 

Discussion 

The  present  studies  are  the  first  to  quantify  the  absolute  levels  of 
both  P60-katanin  and  spastin  in  the  nervous  system.  During  de¬ 
velopment,  the  levels  of  P60-katanin  are  many  times  higher  than 
the  levels  of  spastin,  but  the  levels  of  the  two  proteins  are  not  as 
different  in  the  adult  attributable  to  a  notable  plunge  in  the  levels 
of  P60-katanin.  It  makes  sense  that  the  total  levels  of  the  two 
severing  proteins  are  higher  during  development  because  the 
need  for  microtubule  transport  and  reorganization  is  presumably 
much  greater  when  the  axon  is  growing.  The  fact  that  spastin 
mutations  in  humans  result  in  no  developmental  abnormalities 
suggests  that  the  high  levels  of  P60-katanin  are  able  to  fully  com¬ 
pensate  for  the  diminished  levels  of  spastin.  Indeed,  a  transgenic 
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mouse  lacking  functional  spastin  shows  no 
detectable  flaws  in  development  (Tarrade 
et  al.,  2006).  However,  these  neurons  show 
some  abnormalities  when  cultured,  and 
some  zebrafish  neurons  display  abnormal¬ 
ities  in  axonal  growth  when  spastin  levels 
are  diminished  using  morpholines  (Wood 
et  al.,  2006).  These  observations  suggest 
that  P60-katanin  is  capable  of  compensat¬ 
ing  for  spastin  under  most  circumstances 
but  that  the  two  severing  proteins  are  not 
completely  identical  with  regard  to  their 
functions  and  how  they  are  regulated.  We 
are  currently  conducting  studies  to  further 
explore  this  possibility.  For  now,  our  goal 
was  to  evaluate  potential  mechanisms  un¬ 
derlying  axonal  degeneration  resulting 
from  spastin  mutations. 

Detailed  analyses  of  spastin  mutations 
identified  to  date  do  not  reveal  an  obvious 
candidate  pathogenic  mechanism  for  HSP 
(Fink,  2006;  Schickel  et  al.,  2007).  Most  of 
>150  human  disease-related  spastin  mu¬ 
tations  are  nonsense,  frame-shift,  or 
splice-site  mutations  that  presumably  en¬ 
code  truncated  spastin  molecules  lacking 
the  AAA  domain.  Approximately  25%  of 
spastin  mutations  are  missense  mutations 
falling  within  the  AAA  cassette.  Because 
these  various  mutations  would  produce  a 
dysfunctional  protein  unable  to  sever  mi¬ 
crotubules,  the  prevalent  view  has  been 
that  SPG4-based  HSP  is  most  probably  a 
loss-of-function  disease,  with  degenera¬ 
tion  of  axons  resulting  from  affected  neu¬ 
rons  not  reaching  a  hypothetical  threshold 
of  microtubule  severing  (Svenson  et  al, 

2001;  Errico  et  al.,  2002).  The  main  pur¬ 
pose  of  our  quantitative  Western  blot 
analyses  was  to  test  the  viability  of  this 
scenario.  Consistent  with  the  late-onset 
characteristic  of  HSP,  we  found  that  de¬ 
veloping  neurons  contain  far  more  P60- 
katanin  than  adult  neurons,  and  hence 
developing  neurons  would  be  far  better 
equipped  to  compensate  for  reductions 
in  functional  spastin  levels  associated 
with  SPG4  mutations.  In  light  of  our  tis¬ 
sue  distribution  studies,  the  lack  of  de¬ 
generation  of  long  peripheral  axons  ob¬ 
served  in  HSP  also  makes  sense,  because 
adult  peripheral  neurons  appear  to  ex¬ 
press  no  spastin  whatsoever  and  hence 
would  be  dependent  on  P60-katanin  for 
microtubule  severing. 

At  present,  it  is  unknown  whether  equal  amounts  of  P60- 
katanin  and  spastin  have  the  same  or  different  microtubule- 
severing  activities  in  the  axon.  With  regard  to  P60-katanin,  its 
severing  activity  can  be  dampened  by  the  presence  of 
microtubule-associated  proteins  on  the  microtubules  (Buster  et 
al.,  2002;  Qiang  et  al.,  2006)  but  enhanced  by  the  presence  of  a 
cofactor  termed  P80-katanin  (Hartman  et  al.,  1998;  Yu  et  al, 
2005).  Whether  or  not  spastin  is  similarly  regulated  remains  to  be 
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Figure  6.  Effects  of  dysfunctional  spastins  on  neuronal  morphology,  k,  A  total  of  302,  350,  and  272  cortical  neurons  trans¬ 
fected,  respectively,  with  control  GFP  construct,  GFP-IVI85-ST0P,  and  GFP-MTSTOP  were  examined  and  classified  as  stage  2  or 
stage  3  neurons.  The  quantitative  analysis  revealed  no  significant  differences  between  the  control  and  M85-ST0P  groups.  In 
contrast,  the  MTSTOP  group  was  delayed  in  development  compared  with  the  other  two  groups.  B-D,  Transfected  cortical 
neurons  were  double  labeled  for  GFP  (green)  and  actin  (red).  The  control  group  (6)  and  the  M85-ST0P  group  (0)  show  a  mor¬ 
phology  more  robust  than  the  MTSTOP  group  (0.  The  M85-ST0P  group  was  somewhat  different  from  the  control  group  in  that  it 
displayed  more  actin-rich  lateral  extensions  along  the  length  of  the  axon,  f.  The  MTSTOP  group  (n  =  52)  had  significantly  shorter 
axons  than  the  control  group  (n  =  57)  or  the  IVI85-ST0P  group  (n  =  60)  (p  =  0.0024andp<  0.0001,  respectively).  There  was 
no  difference  in  axonal  length  between  the  control  group  and  the  M85-STOP  group  ( p  =  0.1052).  All  error  bars  represent  SEM. 


tested.  Whatever  the  relative  microtubule-severing  activity  of  the 
two  proteins  may  he  in  vivo,  our  calculations  indicate  no  obvious 
scenario  that  can  explain  why  a  50%  loss  of  spastin  activity  would 
reduce  the  overall  microtubule-severing  activity  in  the  adult  spi¬ 
nal  cord  to  a  greater  extent  than  in  other  regions  of  the  adult  or 
developing  nervous  system.  Thus,  the  only  apparent  way  to  rec¬ 
oncile  our  data  with  a  loss-of-function  scenario  for  HSP  is  to 
posit  that  the  health  of  particularly  long  CNS  axons  is  more  sen- 
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Figure  7.  Effects  of  wild-type  and  truncated  spastin  peptides  on  fast  axonal  transport.  A,  Autoradiogram  showing  in  vitro 
translated,  [^^S]methionine-labeled  spastin  constructs  used  for  squid  axoplasm  perfusion  experiments.  The  presence  of  two 
functional  start  codons  in  the  mammalian  full-length  spastin  cDNA  construct  (Spastin  FL)  results  in  the  production  of  both  68  kDa 
(Ml  spastin,  amino  acids  1-616),  and  60  kDa  (MSS  spastin,  amino  acids  85-616)  spastin  products  when  translated  in  vitro. 
Digestion  of  full-length  spastin  plasmid  with  Nco\  (Spastin  A/col)  before  in  vitro  translation  results  in  the  synthesis  of  29  kDa 
(MI-STOP,  amino  acids  1-273)  and  21  kDa  (M85-ST0P,  amino  acids  85-273)  truncated  spastin  polypeptides.  The  spastin  con¬ 
struct  lacking  the  MIT  domain  (spastin  AMIT,  amino  acids  192-  614)  was  also  effectively  translated.  Control  reactions  (no  cDNA) 
did  not  result  in  detectable  protein  synthesis.  B-D,  Vesicle  motility  assays  in  isolated  squid  axoplasm.  Individual  velocity  mea¬ 
surements  (arrowheads)  are  plotted  as  a  function  of  time.  Anterograde  (dark  arrows  and  line)  and  retrograde  FAT  (reverse  gray 
arrows  and  line)  rates  areshown.  /n  w'fro  translated  control  reactions  as  shown  in/1  were  perfused  in  axoplasm,  and  FAT  rates  were 
monitored  by  video  microscopy.  A  schematic  depicting  spastin  constructs  perfused  for  each  experiment  is  also  shown  above  each 
plot.  Both  MIT  and  AAA  spastin  domains  are  indicated.  An  arrow  at  amino  acid  position  85  indicates  the  second  start  codon  that 
gives  raise  to  MSS.  8,  C,  Perfusion  of  either  full-length  spastin  or  AMIT  spastin  peptides  did  not  affect  FAT  rates.  D,  However, 
perfusion  of  truncated  spastin  A/col  polypeptides  significantly  inhibited  FAT  rates  in  both  directions,  n  indicates  the  number  of 
independent  experiments. 
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Figure  8.  Truncated  Ml  inhibits  fast  axonal  transport  in  squid  axoplasm.  In  vitro  translation  reactions  were  performed 
using  spastin  plasmids  engineered  to  produce  MI-STOP  spastin  or  M85-ST0P  spastin,  respectively  (see  Material  and 
Methods),  and  recombinant  peptides  were  then  perfused  into  squid  axoplasm.  A  schematic  depicting  spastin  peptides 
perfused  in  each  experiment  is  shown  above  each  plot.  A,  Perfusion  of  MI-STOP  spastin  inhibits  anterograde  and  retro¬ 
grade  FAT,  much  as  seen  with  spastin  A/col.  8,  Perfusion  of  M85-STOP  spastin  showed  no  effect  on  FAT.  n  indicates  the 
number  of  independent  experiments. 


sitive  to  relatively  moderate  diminutions 
in  microtubule-severing  activity  than 
other  long  axons  of  the  body.  This  seems 
unlikely,  however,  because  enzymes  are 
generally  expressed  in  excess  of  the  levels 
needed  (see  Results).  Finally,  it  is  interest¬ 
ing  to  note  that  the  age  of  onset  of  HSP  is 
considerably  earlier  in  patients  who  bear  a 
function-blocking  mutation  on  one  spas¬ 
tin  gene  and  a  non-functional-blocking 
mutation  on  the  other  spastin  gene  (Sven- 
son  et  al.,  2004).  Together,  these  observa¬ 
tions  are  difficult  to  reconcile  with  a  loss- 
of-function  scenario. 

An  alternative  scenario  is  suggested  by 
our  observations  on  the  distribution,  ex¬ 
pression  pattern,  and  properties  of  the  Ml 
isoform  of  spastin.  Ml  is  a  much  less  effec¬ 
tive  severing  protein  than  M85.  Ml  is  even 
less  effective  than  AMIT,  indicating  that 
the  N-terminal  region  of  Ml  more 
strongly  inhibits  the  severing  properties  of 
spastin  than  the  MIT  domain  enhances  its 
severing  properties.  Ml  is  virtually  absent 
from  all  axons  at  all  stages  of  life,  except  for 
those  within  the  adult  spinal  cord,  in 
which  it  accounts  for  20-25%  of  the  total 
spastin.  This  is  provocative  because  the 
spinal  cord  is  the  precise  location  of  the 
corticospinal  tracts  that  degenerate  during 
HSP.  These  observations  led  us  to  hypoth¬ 
esize  that  disease-related  mutations  in 
spastin  could  generate  a  cytotoxic  protein 
but  only  in  the  case  of  Ml .  In  this  scenario, 
for  the  spastin  protein  to  be  cytotoxic,  it 
would  have  to  contain  the  N-terminal  re¬ 
gion  specific  to  Ml  and  also  be  function¬ 
ally  compromised  by  a  mutation  or  by  the 
lack  of  an  AAA  domain.  To  test  this  hy¬ 
pothesis,  we  compared  the  effects  of  trun¬ 
cated  versions  of  Ml  and  M85  spastin 
lacking  the  AAA  domain  on  cultures  of 
embryonic  cortical  neurons.  These  studies 
demonstrated  just  how  detrimental  Ml 
mutants  would  be  if  they  were  robustly  ex¬ 
pressed  during  development.  Neurons  in¬ 
duced  to  express  the  truncated  Ml  are 
slower  to  develop,  have  shorter  axons,  and 
have  generally  less  robust  morphologies. 
Interestingly,  the  truncated  M85  spastin 
(which  would  correspond  to  the  mutant 
spastin  expressed  during  development  in 
HSP  patients)  did  not  cause  any  develop¬ 
mental  problems  in  neuronal  cell  cultures. 

To  further  investigate  the  mechanism 
of  HSP,  we  tested  the  effects  of  truncated 
spastin  Ml  and  M85  on  FAT.  Our  premise 
that  pathogenic  spastin  mutants  could  be 
deleterious  to  FAT  is  based  on  several  lines 
of  evidence  linking  FAT  defects  to  HSP 
pathogenesis  (Fink,  2003).  Genetic  evi¬ 
dence  shows  that  loss-of-function  muta¬ 
tions  in  a  kinesin-1  gene  (kinesin-lA, 
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KIF5A)  can  also  give  rise  to  HSP,  namely  in  the  form  of  HSP 
termed  SPGIO  (Reid  et  al.,  2002).  Kinesin-1  is  the  principal  mo¬ 
lecular  motor  driving  anterograde  FAT  (Morfini  et  al.,  2005), 
and,  hence,  it  is  provocative  that  suppression  of  its  functions 
would  elicit  essentially  the  same  phenotype  as  mutations  of  spas¬ 
tin.  Supporting  this  notion,  analysis  of  SPG4-HSP  patients  show 
a  length-dependent  “dying  back”  pattern  of  axonal  degeneration, 
which  is  consistent  with  deficits  in  FAT  (Deluca  et  al.,  2004;  Mor¬ 
fini  et  al.,  2007b).  In  our  studies  on  squid  axoplasm,  perfusion  of 
full-length  spastin  (Ml  plus  M85)  showed  no  effect  on  FAT,  and 
the  same  was  true  for  the  truncated  M85  without  the  ability  to 
sever  microtubules.  However,  the  truncated  Ml  polypeptide 
strongly  inhibited  FAT,  indicating  that  it  is  the  8  kDa  N-terminal 
region  of  Ml  that  elicits  these  deleterious  effects.  Notably,  this 
domain  failed  to  show  any  effect  on  FAT  when  present  in  the 
context  of  the  full-length  Ml  spastin  protein.  One  possibility  is 
that  pathogenic  spastin  mutations  induce  a  conformational 
change  that  results  in  abnormal  exposure  of  the  8  kDa  N  terminal 
unique  to  Ml.  Consistent  with  this  view,  intragenic  polymor¬ 
phisms  of  spastin  have  been  found  within  the  8  kDa  N  terminus 
that  dramatically  modify  the  HSP  phenotype  (Svenson  et  al., 
2004).  In  addition,  spastin  is  known  to  interact  with  another 
HSP-related  protein  called  atlastin  via  the  8  kDa  N-terminal  re¬ 
gion  of  Ml  (Evans  et  al.,  2006;  Sanderson  et  al.,  2006).  Interest¬ 
ingly,  recessive  mutations  in  atlastin  also  lead  to  HSP  (Zhao  et  al., 
2001),  suggesting  that  the  binding  of  atlastin  or  other  polypep¬ 
tides  to  the  N  terminal  of  Ml  could  help  prevent  Ml -induced 
pathology. 

It  has  been  suggested  that,  at  least  in  the  case  of  certain  spastin 
mutations,  the  dysfunctional  protein  could  associate  with  micro¬ 
tubules  and  impair  their  ability  to  interact  with  the  motor  pro¬ 
teins  that  fuel  FAT  (McDermott  et  al.,  2003).  We  are  skeptical  of 
this  idea  because  the  endogenous  levels  of  spastin  expressed  in 
neurons  are  probably  much  too  low  to  adversely  affect  FAT  sim¬ 
ply  by  coating  the  microtubules.  Indeed,  in  our  experiments, 
truncated  Ml  inhibited  FAT  when  perfused  at  <100-fold  the 
levels  of  the  motor  proteins  themselves  (i.e.,  kinesin-1,  500  nM) 
(Morfini  et  al.,  2006).  Although  the  precise  mechanism  by  which 
pathogenic  Ml  inhibits  FAT  is  not  directly  addressed  by  our  ex¬ 
periments,  it  may  be  instructive  that  other  neuropathogenic 
polypeptides  similarly  inhibit  FAT  by  activating  kinases  and 
phosphatases  involved  in  the  regulation  of  molecular  motor  pro¬ 
teins  (Morfini  et  al.,  2002,  2004,  2005,  2006,  2007h;  Pigino  et  al, 
2003;  Szebenyi  et  al.,  2003).  Collectively,  these  experimental  re¬ 
sults  provide  an  initial  set  of  clues  that  wiU  be  helpful  in  identify¬ 
ing  the  molecular  pathway(s)  by  which  spastin  mutations  may 
lead  to  axonal  degeneration  through  a  novel  gain-of-function 
mechanism. 
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Neurons  express  two  different  microtubule-severing  proteins,  namely  P60-katanin  and  spastin.  Here,  we  performed 
studies  on  cultured  neurons  to  ascertain  whether  these  two  proteins  participate  differently  in  axonal  branch  formation. 
P60-katanin  is  more  highly  expressed  in  the  neuron,  but  spastin  is  more  concentrated  at  sites  of  branch  formation. 
Overexpression  of  spastin  dramatically  enhances  the  formation  of  branches,  whereas  overexpression  of  P60-katanin  does 
not.  The  excess  spastin  results  in  large  numbers  of  short  microtubules,  whereas  the  excess  P60-katanin  results  in  short 
microtubules  intermingled  with  longer  microtubules.  We  hypothesized  that  these  different  microtubule-severing  patterns 
may  be  due  to  the  presence  of  molecules  such  as  tau  on  the  microtubules  that  more  strongly  shield  them  from  being 
severed  by  P60-katanin  than  by  spastin.  Consistent  with  this  hypothesis,  we  found  that  axons  depleted  of  tau  show  a 
greater  propensity  to  branch,  and  that  this  is  true  whether  or  not  the  axons  are  also  depleted  of  spastin.  We  propose  that 
there  are  two  modes  by  which  microtubule  severing  is  orchestrated  during  axonal  branch  formation,  one  based  on  the 
local  concentration  of  spastin  at  branch  sites  and  the  other  based  on  local  detachment  from  microtubules  of  molecules 
such  as  tau  that  regulate  the  severing  properties  of  P60-katanin. 


INTRODUCTION 

The  formation  of  axonal  branches  is  critical  for  the  develop¬ 
ment  of  the  nervous  system.  In  order  for  axonal  branches  to 
form,  the  cytoskeleton  within  the  parent  axon  must  undergo 
dramatic  remodeling.  In  particular,  the  parent  axon  is  dom¬ 
inated  by  very  long  microtubules  that  must  be  locally 
chopped  into  short  highly  mobile  pieces  that  are  able  to 
move  into  the  newly  forming  branch.  Over  a  decade  ago,  we 
reported  indirect  evidence  of  the  local  severing  of  microtu¬ 
bules  at  sites  of  impending  branch  formation  using  serial 
reconstructions  of  election  micrographs  (Yu  et  al.,  1994).  We 
were  then  able  to  directly  visualize  the  severing  of  microtu¬ 
bules  at  branch  sites  using  live-cell  imaging  (Dent  et  al., 
1999).  Since  then,  we  have  dedicated  a  great  deal  of  attention 
to  studying  P60-katanm,  which  is  the  predominant  micro- 
tubule-severing  protein  in  developing  neurons  (Ahmad  et 
al.,  1999;  Karabay  et  al.,  2004;  Yu  et  al.,  2005).  Inhibition  of 
P60-katanin  results  in  a  dramatic  shift  toward  longer  micro¬ 
tubules  in  the  axon  and  severely  compromises  the  axon's 
growth.  This  is  presumably  due  to  the  fact  that  long  micro¬ 
tubules  are  immobile,  whereas  short  microtubules,  pro¬ 
duced  by  the  severing  of  long  microtubules,  are  the  ones 
that  undergo  the  transport  events  crucial  for  axonal  growth 
(Baas  et  al.,  2006).  On  the  basis  of  all  of  these  findings,  we 
had  anticipated  that  overexpressing  P60-katanin  in  cultured 
neurons  would  enhance  the  propensity  of  their  axons  to 
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form  branches.  However,  this  has  not  proven  to  be  the  case 
in  studies  performed  thus  far  (Karabay  et  al.,  2004;  Yu  et  al., 
2005). 

Since  we  began  our  work  on  P60-katanin,  it  has  become 
apparent  that  neurons  express  another  microtubule-severing 
protein  called  spastin  (Errico  et  al.,  2002;  Evans  et  al.,  2005; 
Roll-Mecak  and  Vale,  2005,  2006).  Spastin  is  very  similar  to 
P60-katanin  in  the  AAA-region  responsible  for  severing  mi¬ 
crotubules,  but  different  in  other  regions  of  the  molecule. 
P60-katanin  is  broadly  expressed  across  cell  types,  whereas 
spastin  expression  is  more  restricted  to  the  nervous  system 
(Baas  et  al.,  2005;  Ma  et  al.,  2006;  Roll-Mecak  and  Vale,  2006; 
Salinas  et  al.,  2007).  One  possibility  is  that  neurons  express 
an  entirely  redimdant  microtubule-severing  protein  because 
the  severing  of  microtubules  is  so  crucial  for  axonal  growth, 
branch  formation,  and  the  ongoing  transport  of  microtu¬ 
bules  throughout  the  life  of  the  neuron.  Another  possibility 
is  that  the  two  severing  proteins  have  overlapping  but  non¬ 
identical  functions,  properties,  and  roles  to  carry  out  in  the 
neuron.  Such  a  "division  of  labor"  for  microtubule-severing 
proteins  has  already  been  demonstrated  in  the  mitotic  spin¬ 
dle  (Zhang  et  al.,  2007). 

To  date,  there  have  been  no  studies  that  directly  compare 
the  functional  properties  of  P60-katanm  and  spastin  in  neu¬ 
rons.  In  the  present  study,  we  have  rectified  this  by  analyz¬ 
ing  the  effects  on  the  microtubule  array  and  on  the  morphol¬ 
ogy  of  cultured  neurons  produced  by  manipulation  of  each 
of  the  two  severing  proteins.  We  have  also  compared  the 
capacity  of  tau  to  regulate  the  severing  of  microtubules  by 
each  of  the  two  severing  proteins.  In  conducting  these  stud¬ 
ies,  our  main  goal  was  to  test  the  hypothesis  that  spastin  and 
P60-katanin  participate  differently  in  the  formation  of  axonal 
branches. 
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MATERIALS  AND  METHODS 

DNA  Constructs  and  Polyclonal  Antibodies 

Mouse  cDNA  encoding  full-length  spastin  was  purchased  from  Invitrogen 
{Carlsbad,  CA).  Mouse  cDNA  encoding  spastin  M85  translated  from  the 
second  start  codon  (methionine  MSS)  was  cloned  into  mammalian  expression 
vector  pEGFP  (Clontech,  Palo  Alto,  CA)  downstream  from  the  EGFP  tag.  Rat 
cDNA  encoding  full-length  P60-katanin  was  used  to  prepare  a  comparable 
enhanced  green  fluorescent  protein  (EGFP)  construct,  as  previously  described 
(Karabay  ef  al,  2004).  To  prepare  two  different  polyclonal  antibodies  against 
spastin,  termed  Sp/AAA  and  Sp/Sp5,  two  different  fragments  of  spastin 
cDNA  encoding  amino  acids  333-465  or  90-283,  respectively,  were  cloned  into 
the  bacterial  expression  vector  pRSET  (Invitrogen,  Carlsbad,  CA).  The  two 
peptides  were  purified,  after  which  rabbit  antisera  were  prepared  by  Cocalico 
Biologicals  (Reamstown,  PA).  IgG  fractions  were  purified  by  protein  A- 
Sepharose  chromatography.  Antibody  specificity  was  tested  by  Western  blot¬ 
ting  and  immunostaining  of  spastin-transfected  and  nontransfected  fibro¬ 
blasts.  Both  antibodies  were  effective  for  both  Western  blotting  and 
immunostaining,  but  Sp/AAA  had  properties  preferable  for  Western  blot¬ 
ting,  whereas  Sp/Sp5  had  properties  preferable  for  immunostaining. 

Preparation  and  Transfection  of  Cell  Cultures 

Cultures  of  rat  hippocampal  neurons  and  RFL-6  rat  fibroblasts  were  prepared 
as  previously  described  (Yu  and  Baas,  1994;  Buster  et  al,  2002;  Yu  et  al,  2005; 
Qiang  et  al.,  2006).  For  transfection  of  the  EGFP-P60-katanin  and  EGFP-spastin 
constructs,  we  either  used  a  modified  electroporation  device  called  a  Nucleo- 
fector  (Amaxa  Biosystems,  Koln,  Germany)  before  plating,  or  Lipofectamine 
2000  (Invitrogen;  11668-027)  at  some  point  after  plating  the  cells.  For  the 
former,  the  single-cell  suspension  of  hippocampal  neurons  or  RFL-6  cells  was 
resuspended  in  Nucleofector  solution  (Amaxa  Biosystems),  and  the  cells  were 
then  transfected  with  EGFP  alone  (control)  or  with  the  EGFP-P60-katanin  or 
EGFP-spastin  construct  using  the  nucleofection  device  according  to  manufac¬ 
turer's  instructions  and  recommended  settings  (Karabay  et  al.,  2004).  After 
nucleofection,  the  neurons  were  plated  onto  poly-L-lysine-treated  glass  cov- 
erslips  as  previously  described  (Yu  and  Baas,  1994),  whereas  the  RFL-6  cells 
were  plated  on  untreated  glass  coverslips  (Buster  et  al.,  2002).  Lipofectamine 
2000  was  used  for  transfecting  cells  in  the  culture  dish.  For  this  procedure, 
0.5-1  jLtg  of  DNA  and  1.25-2.5  jU.g  of  Lipofectamine  2000  were  used  per  35-mm 
dish.  The  ratio  of  DNA  to  Lipofectamine  2000  was  1:2.5.  The  cells  were 
incubated  in  the  DNA/lipofectamine  medium  for  5  h.  After  transfection, 
neurons  were  transferred  to  37°C  hippocampal  neuron  plating  medium  (Neu- 
robasal  medium  supplemented  with  2%  B27,  0.3%  glucose,  1  mM  glutamine, 
and  5%  FBS).  Transfection  efficiency  was  generally  5-10%  for  neuronal  cul¬ 
tures  and  15-30%  for  RFL-6  cell  cultures,  with  EGFP  fluorescence  appearing 
within  the  first  several  hours  after  transfection.  For  experiments  involving 
small  interfering  RNA  (siRNA),  neurons  were  transfected  with  a  pool  of  four 
sequences  specific  to  rodent  spastin  (purchased  as  a  "smartpool"  from  Dhar- 
macon  Research,  Boulder,  CO;  Accession  number:  XM-343018)  or  with  a 
nonspecific  control  sequence  (Dharmacon  Research;  Cat.  no.  D-001206-03-20), 
using  the  Nucleofector  as  previously  described  (Qiang  et  al.,  2006).  A  smart- 
pool  of  tau  siRNA  (Dharmacon  Research,  Cat.  no.  M-089500-00)  was  used  in 
some  experiments,  following  our  previously  described  protocol  (Qiang  et  al., 
2006).  An  siRNA  sequence  that  does  not  correspond  to  any  gene  in  the  rat 
genome,  also  purchased  from  Dharmacon,  was  used  in  all  siRNA  experiments 
as  a  control.  In  some  experiments,  the  RFL-6  fibroblasts  were  induced  to 
express  the  human  four-repeat  form  of  tau  (termed  tau  4R;  provided  by  K.  S. 
Kosik,  University  of  California,  Santa  Barbara,  CA)  together  with  EGFP- 
spastin,  EGFP-P60-katanin,  or  EGFP  control  for  1  d  (using  Lipofectamine 
2000). 

Immunofluorescence  Analyses 

For  immunofluorescence  studies  on  microtubule  levels  and  distribution,  cul¬ 
tures  were  briefly  washed  with  37°C  phosphate  buffered-saline  (PBS)  and 
then  simultaneously  fixed  and  extracted  with  4%  paraformaldehyde,  0.2% 
glutaraldehyde,  and  0.1%  Triton  X-100  for  15  min.  Cultures  were  washed  with 
PBS  three  times  for  5  min,  quenched  with  2  mg/ml  sodium  borohydride  three 
times  for  10  min,  and  then  blocked  with  10%  normal  goat  serum  and  10 
mg/ml  BSA  in  PBS  for  1  h.  After  blocking,  cultures  were  exposed  to  an 
anti-EGFP  rabbit  polyclonal  antibody  (1:4000;  ab6556-25;  Abeam,  Cambridge, 
MA)  overnight  at  4°C.  Enhancement  of  EGFP  fluorescence  by  immunofluo¬ 
rescence  assisted  in  discerning  the  cells  expressing  the  EGFP,  EGFP-P60- 
katanin,  and  EGFP-spastin  from  those  that  were  not  expressing,  given  that  the 
fluorescence  of  the  EGFP  itself  tended  to  diminish  during  the  fixation  and 
extraction.  Cultures  were  then  rinsed  three  times  for  5  min  in  PBS,  followed 
by  exposure  to  an  anti-/3-tubulin  antibody  directly  conjugated  to  Cy3  (1:400; 
C4585;  Sigma,  St.  Louis,  MO)  together  with  Alexa  Fluor-488-conjugated 
secondary  goat  anti-rabbit  antibody  (1:200;  A11008;  Molecular  Probes,  Eu¬ 
gene,  OR).  Cells  were  then  rinsed  extensively  in  PBS  and  mounted  in  a 
medium  that  reduces  photobleaching. 

Images  were  obtained  on  an  Axiovert  200  microscope  (Carl  Zeiss,  Thorn- 
wood,  NY)  equipped  with  a  high  resolution  CCD  (Orca  ER,  Hamamatsu, 
Hamamatsu  City,  Japan).  All  images  were  obtained  using  identical  camera. 


microscope,  and  imaging  criteria  such  as  gain,  brightness  and  contrast,  and 
exposure  time.  Efforts  were  made  to  ensure  that  the  images  were  not  satu¬ 
rated  and  that  minimal  bleaching  of  the  fluorescence  occurred  before  image 
acquisition.  Digital  gray  values  of  image  pixels  representing  arbitrary  fluo¬ 
rescence  units  (AFU)  were  obtained  using  AxioVision  software.  Fluorescence 
intensity  was  quantified  for  cells  that  had  not  been  induced  to  express  any  of 
the  constructs,  cells  that  had  been  induced  to  express  EGFP  alone,  and  cells 
that  had  been  induced  to  express  the  P60-katanin  or  spastin  constructs.  In 
some  cases,  fluorescence  images  were  subjected  to  the  "invert"  function  in 
Adobe  Photoshop(San  Jose,  CA)  that  converts  blacks  to  whites  and  whites  to 
blacks  and  inverts  gray  levels  proportionally,  because  we  found  that  fine 
details  were  more  clearly  visualized.  The  resulting  images  are  referred  to  as 
"inverted  images."  Statistics  were  done  using  the  Student's  t  test. 

Western  Blotting 

Western  blot  analyses  were  performed  according  to  established  procedures 
(Sambrook  et  al.,  1989).  Neurons  cultured  in  plastic  dishes  were  suspended 
with  cold  1  X  PBS  and  lysed  in  the  sample  buffer  with  SDS,  and  then  the 
proteins  were  resolved  in  10%  SDS-PAGE  gels  and  transferred  onto  nitrocel¬ 
lulose  membranes  (90  mA;  overnight  at  4°C).  Transfers  were  probed  with 
Sp/AAA  antibody  against  spastin.  A  goat  anti-rabbit  secondary  HRP-conju- 
gated  antibody  (Jackson  ImmunoResearch  Laboratories,  West  Grove,  PA)  was 
used.  After  reaction  with  chemiluminescent  peroxidase  substrate  (Super  Sig¬ 
nal;  Pierce,  Rockford,  IL),  the  blot  was  covered  with  x-ray  film.  We  used  three 
different  exposure  times  (5, 15,  and  30  s).  Films  were  imaged  using  an  Epson 
(Long  Beach,  CA)  Perfection  1280  scanner.  Protein  markers  were  used  to 
indicate  the  appropriate  molecular  weights.  GAPDH  was  used  as  the  internal 
control  in  each  group  to  show  that  the  same  amount  of  protein  was  loaded  in 
each  group. 

RESULTS 

For  the  studies  here,  we  used  cultures  of  fetal  rat  hippocam¬ 
pal  neurons,  which  are  a  well-characterized  model  for  neu¬ 
ronal  development  (Doth  et  al,  1988;  Yu  et  al,  2005).  Shortly 
after  they  adhere  to  the  substrate,  these  neurons  extend  a 
broad  lamellipodium  (stage  1)  that  subsequently  coalesces 
into  multiple  immature  "minor"  processes  (stage  2).  One  of 
these  minor  processes  then  becomes  the  axon,  usually  by  the 
second  day  after  plating  (stage  3),  and  then,  a  few  days  later, 
the  remaining  minor  processes  develop  into  dendrites  (stage 
4).  Experiments  conducted  on  these  neurons  utilized  a  pre¬ 
viously  described  rat  EGFP-P60-katanin  construct  (Karabay 
et  al,  2004;  Yu  et  al,  2005)  and  a  new  mouse  EGFP-spastin 
construct  developed  in  our  laboratory  (see  Materials  and 
Methods).  In  the  case  of  the  spastin  construct,  we  used  the 
sequence  corresponding  to  that  produced  by  the  second 
start  codon,  which  is  the  only  detectable  form  expressed 
during  development  (Claudiani  et  al.,  2005;  Salinas  et  al., 
2005). 

Depletion  of  Spastin  from  Cultured  Neurons  Reduces 
Axonal  Branch  Frequency 

In  previous  studies,  we  documented  that  inhibition  of  P60- 
katanin  produces  profoundly  deleferious  effects  on  axonal 
outgrowth  (Ahmad  et  al,  1999;  Karabay  et  al,  2004).  Inhibi¬ 
tion  of  P60-katanin  compromises  release  of  microtubules 
from  the  centrosome  and  results  in  significantly  longer  mi¬ 
crotubules  in  the  cell  body  and  throughout  the  neuron. 
These  results  suggest  that  the  available  spastin  is  insuffi¬ 
cient,  in  the  absence  of  P60-katanin,  to  meet  the  microtubule- 
severing  needs  of  the  neuron.  The  question  remains  as  to 
whether  inhibiting  spastin  produces  a  comparable  pheno¬ 
type  or  produces  a  phenotype  consistent  with  a  more  spe¬ 
cialized  role  for  spastin  in  axonal  branch  formation.  To 
investigate  this,  we  used  siRNA  to  deplete  spastin  from 
cultured  rat  hippocampal  neurons.  Neurons  were  treated 
with  either  siRNA  to  spastin  or  control  siRNA,  introduced 
by  nucleofection.  After  allowing  3  d  for  the  spastin  protein 
to  be  depleted,  the  neurons  were  replated  and  allowed  to 
grow  processes  anew  for  48  h  before  being  fixed.  Westerns 
blots  (Figure  lA)  confirmed  that  the  spastin  siRNA  resulted 
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Figure  1.  Morphological  analysis  of  control 
and  spastin-depleted  hippocampal  neurons. 
(A)  Western  blot  of  whole-cell  extracts  from 
cultures  of  rat  hippocampal  neurons  probed 
with  spastin  antibody  Sp/AAA  or  GAPDH 
antibody  as  an  internal  control.  Cultures  were 
treated  with  control  siRNA  or  spastin  siRNA 
for  3  d.  (B  and  C)  Pie  graphs  showing  the  ratio 
of  hippocampal  neurons  in  stage  1,  stage  2,  or 
stage  3  in  each  experimental  group  (n  >  100). 
More  neurons  remained  in  stage  1  or  stage  2  in 
spastin-depleted  cultures  than  in  control  cul¬ 
tures.  (D)  Quantitative  analyses  of  the  lengths 
of  axons  in  control  and  spastin-depleted  groups 
(n  >  100).  Axonal  length  of  spastin-depleted 
neurons  is  20%  shorter  than  that  of  the  control 
group  (p  <  0.01).  (E)  Quantitative  analyses  of 
the  number  of  minor  processes  in  control  and 
spastin-depleted  groups  (n  >  100).  There  is  no 
significant  difference  between  these  two 
groups  (p  >  0.05).  (E)  Quantitative  analyses  of 
the  number  of  primary  branches  per  axon  (n  > 
100).  Eor  quantification  of  branches,  we  chose 
stage  3  neurons  with  axons  100-150  p,m  in 
length.  Depletion  of  spastin  results  in  45% 
reduction  of  branch  numbers  (p  <  0.001).  (G 
and  H)  Immunostaining  of  microtubules  in 
control  (G)  and  spastin-depleted  (H)  hip¬ 
pocampal  neurons.  Arrows  point  to  axonal 
branches.  Scale  bar,  30  ^^m. 
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in  more  than  95%  diminution  of  the  spastin  protein  in  the 
cultures.  Spastin-depleted  neurons  were  not  dramatically 
abnormal  in  their  phenotypes,  nor  did  they  show  indications 
of  being  unhealthy.  However,  as  shown  in  the  pie  graphs  in 
Figure  1,  B  and  C,  48  h  after  replating,  development  was 
slowed  in  the  neurons  depleted  of  spastin,  with  more  neu¬ 
rons  remaining  in  stages  1  and  2  compared  with  the  control 
cultures  wherein  more  cells  had  progressed  to  stage  3.  Com¬ 
paring  cells  in  stage  3,  axons  of  spasfin-depleted  neurons 
were  20%  shorter  (but  had  statistically  the  same  number  of 
minor  processes)  compared  with  control  neurons  (Figure  1, 
D  and  E).  The  most  dramatic  morphological  difference  was 
that  spastin-depleted  neurons  displayed  45%  fewer  axonal 
branches  than  control  neurons  (Figure  IF).  Examples  of 
control  neurons  and  spastin-depleted  neurons,  stained  for 
microtubules,  are  shown  in  Figures  1,  G  and  H.  More  de¬ 
tailed  analyses  of  the  microtubule  arrays  revealed  no  detect¬ 
able  differences  in  the  overall  distribution  of  microtubules  after 
spastin  depletion  (data  not  shown)  such  as  has  been  reported 
of  neurons  with  experimentally  impaired  P60-katanin  (Ahmad 
et  al,  1999;  Karabay  et  al,  2004). 

Collectively,  these  results  indicate  that  cultured  hip¬ 
pocampal  neurons  do  not  require  spastin  in  order  to  grow 


axons,  to  develop  branches,  or  to  progress  from  one  devel¬ 
opmental  stage  to  the  next.  However,  depletion  of  spastin 
does  slow  or  diminish  all  of  these  aspects  of  axonal  devel¬ 
opment.  In  particular,  it  is  noteworthy  that  the  diminution  of 
axonal  branch  frequency  is  over  twice  as  great  as  the  dimi¬ 
nution  of  axonal  length,  which  is  consistent  with  a  more 
specialized  role  for  spastin  in  branch  formation. 

Over  expression  of  Spastin  in  Cultured  Neurons  Produces  a 
Markedly  Different  Phenotype  than  Overexpression  of 
P60-Katanin 

To  further  test  the  possibility  that  the  two  severing  proteins 
are  not  identical  in  their  properties,  we  overexpessed  them 
individually  in  cultured  hippocampal  neurons.  For  controls, 
neurons  were  transfected  to  express  EGFP  alone.  For  com¬ 
parison,  neurons  were  selected  from  each  experimental 
group  that  displayed  generally  similar  levels  of  EGFP  fluo¬ 
rescence.  For  these  experiments,  neurons  were  transfected 
before  plating  (by  nucleofection).  Given  that  high  levels  of 
overexpression  can  severely  compromise  axonal  outgrowth 
(Karabay  et  al.,  2004),  we  optimized  the  parameters  of  the 
transfection  to  achieve  levels  of  expressed  P60-katanin  or 
spastin  that  permitted  axons  to  obtain  lengths  not  dramati- 
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cally  different  from  controls.  These  levels  were  somewhat 
lower  than  in  our  earlier  studies  (Karabay  et  al.,  2004;  Yu  et 
ah,  2005).  Figure  2,  A-C,  shows  neurons  24  h  after  transfec¬ 
tion,  immunostained  for  microtubules  and  then  displayed  as 
inverted  images  to  make  fine  details  more  obvious.  Under 
these  conditions,  the  neurons  overexpressing  P60-katanin 
showed  12%  diminution  in  microtubule  mass,  whereas  the 
neurons  overexpressing  spastin  showed  a  somewhat  greater 
loss  of  microtubule  mass  (30%).  The  number  of  minor  pro¬ 
cesses  was  not  significantly  different  from  controls  in  neu¬ 
rons  overexpressing  P60-katanin,  but  was  70%  greater  in 
neurons  overexpressing  spastin.  The  lengths  of  the  axon  and 
minor  processes  were  statistically  indistinguishable  from 
controls  in  both  cases.  Figure  2A  shows  a  control  neuron  in 
stage  3.  Figure  2B  shows  a  neuron  overexpressing  P60- 
katanin.  Figure  2C  shows  a  typical  spastin-overexpressing 
neuron.  Figure  2D  shows  another  spastin-overexpressing 
neuron  but  48  h  after  plating  to  demonstrate  that  the  phe¬ 
notype  continues  to  become  more  complex  over  time.  The 
data,  shown  in  Figure  2E,  correspond  to  the  24-h  time  point. 
Figure  3  shows  neurons  immunostained  for  microtubules 
and  EGFP.  It  is  apparent  from  the  EGFP  staining  that  the 
processes  are  not  only  more  numerous  in  spastin-overex¬ 
pressing  neurons  compared  with  P60-katanin- overexpress¬ 
ing  neurons,  and  the  processes  also  bear  large  numbers  of 
short  lateral  extensions  deficient  in  microtubules. 

The  most  dramatic  observation  about  phenotype  was  a 
marked  increase  in  axonal  branching  in  the  spastin-overex- 


Figure  2.  Morphological  analyses  of  stage  3 
hippocampal  neurons  expressing  EGFP, 
EGFP-P60-katanin,  or  EGFP-spastin.  Control 
(A)  and  P60-katanin- overexpressing  (B)  neu¬ 
rons  displayed  similar  morphologies,  with 
4-6  minor  processes  and  one  axon,  whereas 
neurons  overexpressing  spastin  (C  and  D) 
displayed  more  minor  processes  than  control 
neurons.  Quantitative  analysis  of  the  micro¬ 
tubule  levels,  the  number  of  minor  process, 
the  length  of  minor  processes  and  the  length 
of  axons  are  shown  in  E  (n  >  60).  The  micro¬ 
tubule  levels  in  the  P60-katanin- overexpress¬ 
ing  and  spastin-overexpressing  neurons  de¬ 
creased  12%  (p  <  0.05)  and  30%  (p  <  0.001) 
respectively  compared  with  control  neurons. 
There  is  a  70%  increase  of  the  number  of 
minor  processes  in  hippocampal  neurons 
overexpressing  spastin  compared  with  con¬ 
trol  and  P60-katanin-overexpressing  neurons 
(p  <  0.001).  There  is  no  significant  difference 
in  the  length  of  minor  processes  and  axons 
between  any  of  the  experimental  groups  (p  > 
0.5).  Scale  bar,  40  fern. 

pressing  neurons  but  not  in  the  P60-katanin- overexpressing 
neurons.  Figure  4  shows  higher  magnification  images  of 
axons  overexpressing  spastin  for  24  h.  The  first  column 
shows  microtubule  stains,  whereas  the  second  column 
shows  the  EGFP-spastin.  The  third  column  is  a  color  overlay 
of  the  microtubules  in  red  and  the  EGFP-spastin  in  green. 
Shown  are  axonal  arbors  from  three  different  neurons  dis¬ 
playing  varying  degrees  of  branch  formation.  We  defined 
branches  as  somewhat  thickened  lateral  extensions  contain¬ 
ing  multiple  microtubules.  Thin  lateral  extensions  not  (yet) 
invaded  by  multiple  microtubules  were  called  filopodia.  The 
first  row  shows  the  early  stages  of  filopodial  formation  along 
the  length  of  the  axon.  The  second  row  shows  longer  and 
more  numerous  lateral  extensions  (early  branches)  into 
which  microtubules  have  started  to  invade.  The  third  row 
shows  numerous  short  branches  containing  microtubules. 
Panel  D  shows  quantification  of  the  observations.  The  num¬ 
ber  of  filopodia  along  minor  processes  and  axons  in  spastin- 
overexpressing  neurons  increased  8  and  28  times,  respec¬ 
tively,  compared  with  control  neurons  (p  <  0.0001).  The 
axonal  branches  in  spastin-overexpressing  neurons  in¬ 
creased  three  times  relative  to  control  neurons  (p  <  0.001). 
There  was  no  significant  difference  between  control  and 
P60-katanin- overexpressing  neurons  in  the  number  of  filop¬ 
odia  along  minor  processes  and  axon,  or  the  number  of 
axonal  branches  (p  >  0.05).  Figure  5  shows  inverted  images 
of  neurons  overexpressing  EGFP-spastin  and  then  immuno¬ 
stained  for  microtubules  and  EGFP.  The  dramatic  increase 
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Figure  3.  Comparison  of  hippocampal  neu¬ 
rons  expressing  EGFP  (Aa),  EGFP-P60-ka- 
tanin  (Bb),  or  EGEP-spastin  (Cc).  The  left  col¬ 
umn  (A-C)  shows  EGEP  staining,  and  the 
right  column  shows  microtubule  staining  (a- 
c).  To  show  the  cellular  morphology  in 
greater  detail,  the  images  were  displayed  as 
"inverted  images"  (see  Materials  and  Methods). 
The  neurons  expressing  EGEP  and  EGFP-P60- 
katanin  showed  an  average  of  about  five  mi¬ 
nor  processes  with  a  few  fhopodia  (Aa  and 
Bb),  whereas  the  neuron  expressing  EGEP- 
spastin  showed  a  dramatic  increase  of  the 
number  of  filopodia  on  the  minor  processes 
(Cc).  The  microtubule  levels  in  the  cell  body 
of  the  EGFP-spastin- expressing  neurons  (c) 
are  lower  than  in  the  cell  body  of  EGFP-P60- 
katanin-expressing  neurons  (b).  Scale  bar,  20 
p,m. 


in  branches  frequency  is  apparent  at  24  h  of  overexpres¬ 
sion  (Figure  5Aa).  These  newly  formed  branches  are  not 
transient  (i.e.,  they  do  not  retract  after  reaching  ~10  ftm  in 
length;  see  Yu  et  ah,  1994),  but  rather  persist  and  elongate 
as  shown  in  images  taken  at  48  h  (Figure  5Bb)  and  72  h 
(Figure  6,  Aa  and  Bb). 

Distribution  of  Spastin  in  Developing  Axons 
We  previously  reported  that  P60-katanin  is  relatively 
evenly  distributed  along  the  length  of  the  axon  and  only 
slightly  enriched  in  growth  cones  and  branch  points  of 
cultured  hippocampal  neurons  (Yu  et  ah,  2005).  Our  ob¬ 
servations  thus  far  described  on  overexpression  of  spastin 
suggest  that  the  distribution  of  endogenous  spastin  may 
be  very  different  from  that  of  P60-katanin,  at  least  during 
some  stages  of  axonal  development.  In  early  axons,  the 
EGFP-spastin  appeared  to  distributed  relatively  evenly 
along  the  axon,  but  in  late  stage  3  neurons,  with  more 
highly  developed  axons,  it  was  common  for  the  growth 
cones  to  be  highly  enriched  with  EGFP-spastin,  and  the 
same  was  true  (but  to  a  lesser  extent)  of  many  of  the  sites 


where  early  branches  emerge  (see  Figures  4-6).  To  ad¬ 
dress  the  issue  of  endogenous  spastin  distribution,  we  im- 
munostained  cultures  at  various  points  during  develop¬ 
ment,  using  the  Sp/Sp5  antibody.  As  shown  in  Figure  7 A, 
the  staining  was  relatively  even  along  yoimger  axons.  In  late 
stage  3  and  stage  4  neurons,  the  immunostains  revealed 
notable  enrichments  of  endogenous  spastin  in  many,  but  not 
all,  of  the  growth  cones  and  sites  of  early  branch  formation 
(Figure  7B).  Notably,  these  enrichments,  when  they  occur, 
are  far  more  dramatic  than  any  of  the  enrichments  ever 
observed  in  our  previous  studies  on  P60-katanin,  with  many 
times  the  levels  of  spastin  in  these  growth-related  regions 
compared  with  other  regions  along  the  shaft  of  the  axon. 
These  results  are  consistent  with  earlier  observations  that 
spastin  tends  to  localize  in  discrete  patches  along  the  length 
of  the  axon  (Svenson  et  ah,  2005)  and  also  in  the  distal 
regions  of  axons  (Errico  et  ah,  2004).  We  would  conclude 
that,  although  spastin  is  less  abundant  in  the  neuron  than 
P60-katanin,  it  has  a  higher  propensity  to  concentrate  at 
growth-related  sites  along  the  axon. 
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Figure  4.  Overexpression  of  spastin  in  hippocampal  neurons  results  in  a  dramatic  increase  in  the  number  of  branches  and  the  number  of 
filopodia  on  minor  processes,  axon,  and  axonal  branches.  The  first  column  shows  microtubule  stains,  whereas  the  second  column  shows  the 
EGFP-spastin.  The  third  column  is  a  color  overlay  of  the  microtubules  in  red  and  the  EGFP-spastin  in  green.  (A,  A',  and  A")  An  axon  had 
many  early  filopodia  along  it  with  no  microtubule  invasion  into  the  filopodia  (small  arrows).  (B,  B',  and  B")  An  axon  with  a  number  of  longer 
filopodia;  microtubules  have  started  to  invade  the  filopodia  (large  arrows).  (C,  C',  and  C")  An  axon  with  several  branches.  There  was  an 
enrichment  of  EGPP-spastin  at  the  tips  of  the  axons  and  their  branches  (arrowheads).  Quantitative  analyses  of  the  filopodia  number  on  minor 
processes  and  axons  as  well  as  the  number  of  axonal  branches  are  shown  in  D  (n  >  60  for  each  quantitative  analysis).  Y-axis  shows  the 
number  of  filopodia  or  branches  per  100  /rm  minor  process  or  axon.  There  was  no  significant  difference  between  control  and  EGPP-P60- 
katanin- expressing  neurons  in  terms  of  the  number  of  filopodia  along  minor  process  and  axon  and  the  number  of  axonal  branches  (p  >  0.05). 
EGFP-spastin,  in  contrast,  caused  a  dramatic  increase  of  the  filopodia  number  on  minor  processes  and  axons  (p  <  0.001).  The  number  of 
axonal  branches  also  increased  about  three  times  for  EGFP-spastin- expressing  neurons  compared  with  control  neurons  (p  <  0.001).  Scale  bar, 
25  /am. 


Overexpression  of  Spastin  Produces  a  Markedly  Different 
Pattern  of  Microtubule  Severing  than  Overexpression  of 
P60-Katanin 

The  results  described  thus  far  indicate  that  overexpressed 
spastin  degrades  the  microtubule  array  by  15-20%  more 
than  a  roughly  equal  amount  of  overexpressed  P60-katanin. 
However,  neurons  expressing  higher  levels  of  P60-katanin 


did  not  show  the  morphological  characteristics  of  neurons 
overexpressmg  spastin  (Karabay  et  al.,  2004;  Yu  et  al,  2005). 
For  this  reason,  we  hypothesized  that  the  patterns  of  micro- 
fubule  severing  produced  by  each  of  the  two  severing  pro¬ 
teins  might  be  distinctive  for  reasons  other  than  just  the 
degree  of  microfubule  loss.  As  a  firsf  step  toward  testing  this 
hypothesis,  we  compared  the  microtubule  arrays  in  cultured 
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Figure  5.  Early  stage  3  hippocampal  neurons  expressing  EGFP-spastin,  immunostained  for  EGFP  and  microtubules.  The  axons  shown  here 
are  from  the  same  experiment  as  shown  in  Figure  4.  Here,  two  different  axons  from  EGFP-spastin- expressing  neurons  are  displayed  as  higher 
magnification  "inverted  images"  to  reveal  more  detail.  (A  and  B)  EGFP  staining;  (a  and  b)  microtubule  staining.  Aa  shows  an  axon  with 
somewhat  shorter  branches,  whereas  the  branches  of  the  axon  shown  in  Bb  are  more  developed.  The  number  of  filopodia  and  branches  along 
these  axons  are  much  higher  than  would  be  observed  in  controls  (see  Figure  4).  Scale  bar,  20  pm. 


rat  RFL-6  fibroblasts  in  which  we  overexpressed  each  of  the 
two  severing  proteins.  Fibroblasts  are  very  flat  and  hence 
permit  more  spatial  resolution  than  is  possible  in  neurons. 
Expression  was  for  12  h,  a  time  frame  selected  to  optimize 
detection  of  differences  between  the  two  severing  proteins. 
As  shown  in  Figure  8,  control  cells  contained  almost  exclu¬ 
sively  long  microtubules  (Figure  8A),  whereas  P60-katanin- 
overexpressing  cells  showed  a  mixture  of  short  and  long 
microtubules  (Figure  8B).  In  sharp  contrast,  the  spastin- 


overexpressing  cells  displayed  a  much  more  "evenly 
chopped"  microtubule  array,  with  almost  exclusively  short 
microtubules,  a  few  microns  in  length  (Figure  8C).  Quanti¬ 
fication  of  microtubule  free  ends  showed  a  fivefold  increase 
in  P60-katanin- overexpressing  cells  (p  <  0.001),  but  a  39- 
fold  increase  in  spastin-overexpressing  cells  (p  <  0.00001). 

We  next  examined  neurons  overexpressing  each  of  the 
two  severing  proteins  for  12  h  (using  Lipofectamine  2000  for 
transfections).  We  previously  reported  that  the  microtubules 
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Figure  6.  Late  stage  3  hippocampal  neurons  expressing  EGFP-spastin,  immrmostained  for  EGFP  and  microtubules.  Neurons  are  displayed 
as  "inverted  images"  to  reveal  more  detail.  Aa  shows  EGFP  staining;  Bb  show  microtubule  staining,  (a  and  b)  Enlarged  images  from  the 
regions  of  A  and  B  indicated  by  rectangles.  Note  that  GFP-spastin  is  enriched  in  growth  cones  (arrowheads)  and  also  (but  to  a  lesser  extent) 
at  branch  points  (arrows).  Scale  bar,  (A  and  B)  40  p,m;  (a  and  b)  15  frm. 
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Figure  7.  Immunolocalization  of  spastin  in 
early  stage  3  and  stage  4  hippocampal  neurons. 
(A)  the  axon  of  an  early  stage  3  (day  2  culture) 
hippocampal  neuron  immimostained  with  Sp/ 
Sp5  antibody;  (B)  the  axon  of  a  stage  4  (day  10 
culture)  hippocampal  neuron  immunostained 
with  Sp/Sp5  antibody.  The  stage  3  axon  shows 
a  relatively  even  distribution  of  spastin  along  its 
length.  The  stage  4  axon  shows  accumulations 
of  spastin  in  growth  cones  (arrows),  some  but 
not  aU  branch  points  (upper  arrowhead)  and  at 
sites  that  we  suspect  may  soon  give  rise  to  new 
branches  (lower  arrowhead).  Scale  bar,  15  jj-m. 


in  the  axon  are  more  resistant  to  severing  over  a  12-h  bout  of 
overexpression  of  P60-katanin  than  microtubules  in  other 
compartments  of  the  neuron  (Yu  et  al.,  2005;  Qiang  et  al., 
2006).  Figure  9 A  shows  a  control  neuron,  stained  for  micro¬ 
tubules.  Figures  9,  B  and  C,  show  neurons  overexpressing 
P60-katanin  or  spastin,  respectively,  for  12  h  and  then 


stained  for  microtubules.  The  neuron  overexpressing  P60- 
katanin  shows  a  clear  diminution  of  microtubule  mass  from 
the  cell  body  (to  about  half  of  control  levels),  whereas  the 
axon  continues  to  show  robust  microtubule  staining  compa¬ 
rable  to  controls.  We  then  selected  spastin-overexpressing 
neurons  that  displayed  roughly  the  same  degree  of  diminu- 
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Figure  8.  Different  microtubule-severing 
patterns  in  fibroblasts  produced  by  overex¬ 
pression  of  P60-katanin  or  spastin.  (A-C) 
RFL-6  fibroblasts  immunostained  for  micro¬ 
tubules.  (A)  Control  fibroblast  expressing 
EGFP  displaying  long  continuous  microtu¬ 
bules.  (B)  Fibroblast  expressing  EGFP-P60-ka- 
tanin  displaying  several  obvious  long  micro¬ 
tubules  together  very  few  short  ones.  Arrows 
point  to  short  microtubules.  Arrowheads 
point  to  a  microtubule  being  severed.  (C)  Fi¬ 
broblast  expressing  EGFP-spastin  displaying 
only  very  short  microtubules.  (D)  Quantita¬ 
tive  analyses  of  the  number  of  microtubule 
free  ends  per  10''  AFU  of  microtubules  among 
the  control,  P60-katanin-overexpressing,  and 
spastin-overexpressing  groups  (n  >  100). 
Overexpression  of  P60-katanin  creates  five¬ 
fold  more  free  microtubule  ends  than  in  the 
control  group  (p  <  0.001).  Overexpression  of 
spastin  creates  39-fold  more  free  microtubule 
ends  than  in  the  control  group  (p  <  0.001). 
Scale  bar,  4  p,m. 
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Figure  9.  Axonal  microtubules  are  resistant 
to  a  12-h  bout  of  overexpression  of  P60-ka- 
tanin,  but  not  spastin.  (A-E)  The  immunos- 
tains  of  microtubules  of  the  hippocampal 
neurons.  (A)  Neuron  transfected  with  EGFP 
control.  (B  and  D)  Two  neurons  transfected  to 
overexpress  P60-katanin.  (C  and  E)  Two  neu¬ 
rons  transfected  to  overexpress  spastin.  (F) 
Quantitative  analyses  of  microtubule  fluores¬ 
cence  intensity  in  cell  bodies  and  axons 
among  the  three  groups  (control,  overexpres¬ 
sion  of  P60-katanin,  and  overexpression  of 
spastin).  Overexpression  of  P60-katanin  or 
spastin  results  in  notable  microtubule  loss 
from  cell  bodies  compared  with  control  (52% 
for  P60-katanin,  p  <  0.001;  54%  for  spastin, 
p  <  0.001).  In  axons,  overexpression  of  P60- 
katanin  for  12  h  results  in  no  significant  dim¬ 
inution  of  microtubules  (p  >  0.05),  whereas 
overexpression  of  spastin  reduces  the  micro¬ 
tubule  levels  by  53°/o  compared  with  controls 
(p  <  0.001).  (G)  Quantitative  analyses  of  the 
number  of  microtubule  "squiggles"  along  the 
processes  per  100  p.m  (n  >  40).  Overexpres- 
sion  of  P60-katanin  increased  the  number  of 
microtubule  squiggles  by  29-fold  (p  <  0.0001) 
compared  with  controls.  By  contrast,  overex¬ 
pression  of  spastin  increased  the  number  of 
microtubule  squiggles  by  only  eightfold 
(p  <  0.001)  compared  with  controls.  Arrows 
point  to  the  microtubule  squiggles  in  the 
neuron  overexpressing  P60-katanin.  Scale 
bar,  (A-C)  15  p.m;  (D  and  E)  8  pm. 


tion  of  microtubule  levels  from  the  cell  body,  so  that  we 
could  compare  the  relative  effects  on  the  axon.  Unlike  neu¬ 
rons  overexpressing  P60-katanm,  these  neurons  also  dis¬ 
played  a  reduction  of  microtubule  levels  in  the  axon  by 
about  half  (Figure  9F).  Thus,  microtubules  in  the  axon  are 
more  resistant  than  microtubules  elsewhere  in  the  neuron  to 
P60-katanin  but  not  to  spastin.  In  addition,  a  marked  differ¬ 
ence  in  the  microtubule-severing  patterns  of  the  two  sever¬ 
ing  proteins  is  apparent  from  the  micrographs.  As  previ¬ 
ously  reported,  neurons  overexpressing  P60-katanin  often 
show  very  long  microtubules  that  tend  to  become  twisted 
into  shapes  we  call  "squiggles"  (Figure  9D).  As  shown  in 
Figure  9G,  such  squiggles  occurred  far  less  frequently  in 
neurons  overexpressing  spastin,  which  is  consistent  with  the 
lack  of  a  resistant  population  of  long  microtubules  that  fail 
to  be  severed  by  spastin.  By  contrast,  there  are  abimdant 
short  microtubules  in  the  spastin-overexpressing  neurons, 
whereas  short  microtubules  are  less  plentiful  in  the  P60- 
katanin  overexpressing  neurons  (Figure  9,  D  and  E). 

Tau  Protects  Microtubules  Less  Well  from  Spastin  than 
P60~Katanin 

The  very  different  patterns  of  microtubule  severing  pro¬ 
duced  by  overexpressing  each  of  the  two  severing  proteins 


suggest  that  they  have  different  properties  or  are  regulated 
differently  in  cells.  We  previously  reported  that  the  ability  of 
P60-katanin  to  sever  microtubules  is  attenuated  by  the  pres¬ 
ence  of  tau  on  the  microtubules  (Qiang  et  al.,  2006).  This  was 
evidenced  by  the  fact  that  depleting  tau  from  neurons  before 
overexpressing  P60-katanin  rendered  the  microtubules  in 
the  axon  equally  sensitive  to  the  microtubules  in  other  re¬ 
gions  of  the  neuron.  Moreover,  microtubules  in  RFL-6  fibro¬ 
blasts  were  rendered  highly  resistant  to  severing  when  tau 
was  coexpressed  with  P60-katanin.  The  fact  that  axonal  mi¬ 
crotubules  are  no  more  resistant  to  spastin  than  microtu¬ 
bules  elsewhere  in  the  neuron  suggests  that  tau  may  not  be 
as  good  at  protecting  microtubules  against  spastin.  To  in¬ 
vestigate  this,  we  performed  fhe  same  fype  of  overexpres¬ 
sion  experiments  on  RFL-6  fibroblasts  for  spasfin  as  we 
previously  conducfed  for  P60-katanin  (Qiang  et  al.,  2006). 
Figure  10,  A  and  B,  shows  a  control  fibroblast  and  a  fibro¬ 
blast  expressing  tau  (specifically,  tau  4R),  both  stained  for 
microfubules.  When  P60-katanin  is  overexpressed  in  control 
fibroblasts,  there  is  a  severe  loss  of  microtubule  mass,  with 
the  remaining  microtubules  appearing  shorter  than  in  con¬ 
trols  (Figure  IOC).  Fibroblasts  expressing  tau  display  no 
detectable  alterations  in  the  microtubule  array  when  P60- 
katanin  is  overexpressed  (Figure  lOD).  When  spastin  is  over- 
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Figure  10.  Tau  provides  stronger  protection 
against  microtubule  severing  by  P60-katanin 
than  by  spastin.  (A-F)  RFL-6  fibroblasts  im- 
munostained  for  microtubules.  (A)  Control 
cell  transfected  to  express  EGFP.  (B)  Cell 
transfected  to  express  tau  4R.  Tau  expression 
causes  the  formation  of  dense  bundles  of  mi¬ 
crotubules.  (C)  Cell  transfected  to  overexpress 
P60-katanm.  Microtubule  mass  is  diminished, 
with  remaining  microtubules  displaying  a  va¬ 
riety  of  lengths.  (D)  Cell  transfected  to  over¬ 
express  PbO-katanin  and  express  tau  4R.  Mi¬ 
crotubules  in  the  tau-expressing  cell  show  no 
indication  of  severing  by  overexpression  of 
P60-katanin,  and  the  microtubule  mass  is  not 
reduced.  (E)  Cell  transfected  to  overexpress 
spastin.  Microtubules  are  severed  into  a  large 
number  of  very  short  ones.  (E)  Cell  trans¬ 
fected  to  express  both  spastin  and  tau.  There 
is  a  reduction  of  microtubule  mass,  but  sev¬ 
eral  microtubule  bundles  together  with  some 
individual  ones  are  preserved.  (G)  Quantita¬ 
tive  analyses  of  microtubule  mass  in  fibro¬ 
blasts  induced  to  overexpress  P60-katanin  or 
overexpress  spastin  together  with  tau  (n  > 
50).  Compared  with  the  control,  overexpres¬ 
sion  of  P60-katanin  reduces  the  level  of  mi¬ 
crotubules  by  52%  (p  <  0.01),  whereas  over¬ 
expression  of  spastin  reduces  the  level  by  70% 
(p  <  0.01).  Expression  of  tau  increases  the 
microtubule  level  by  19%.  Compared  with  the 
microtubule  levels  of  the  cells  expressing  tau 
alone,  the  levels  of  cells  expressing  tau  and 
overexpressing  P60-katanin  are  not  signifi¬ 
cantly  different  (p  >  0.05);  however,  expres¬ 
sion  of  both  tau  and  spastin  causes  53%  loss  of 
microtubule  levels  compared  with  the  expres¬ 
sion  of  tau  alone  (p  <  0.01).  Scale  bar,  30  pm. 


expressed  in  the  fibroblasts,  there  is  a  20%  greater  loss  of 
microtubule  mass  compared  with  when  P60-katanin  is  over¬ 
expressed,  and  the  individual  remaining  microtubules  are 
generally  shorter  than  the  microtubules  in  the  fibroblasts 
overexpressing  P60-katanin  (Figure  lOE).  When  spastin  is 
overexpressed  in  the  fibroblasts  expressing  tau,  the  micro¬ 
tubule  mass  is  diminished  by  about  half  (Figure  lOF).  Quan¬ 
tification  of  microtubule  levels  is  shown  in  Figure  lOG. 
Taken  together,  these  results  indicate  that  tau  affords  some 


protecfion  of  microtubules  from  each  of  the  severing  pro¬ 
teins,  but  that  the  protection  is  greater  in  the  case  of  P60- 
katanin  than  spastin. 

Depletion  of  tau  from  Hippocampal  Neurons  Enhances 
Axonal  Branch  Formation  Whether  or  Not  Spastin  Is  Also 
Depleted 

In  previous  studies,  we  documented  that  P60-katanin's  ac¬ 
cess  to  the  microtubule  lattice  is  restricted  by  the  presence  of 
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Figure  11.  Depletion  of  tau  from  hippocampal  neurons  increases  the  numbers  of  axonal  branches  by  a  mechanism  that  does  not  require 
spastin.  Neurons  were  treated  with  either  control  siRNA,  tau  siRNA,  spastin  siRNA,  or  a  combination  of  tau  siRNA  and  spastin  siRNA.  (A) 
Pie  graphs  showing  the  ratio  of  hippocampal  neurons  in  stage  1,  stage  2,  or  stage  3  in  each  experimental  group  (n  >  200).  More  neurons 
remained  in  stage  1  or  stage  2  in  spastin-depleted  cultures  than  in  control  cultures.  There  is  no  significant  difference  between  the  tau-depleted 
group  and  the  control  group  or  between  the  spastin +tau-double-depleted  group  and  the  control  group.  (B)  Quantitative  analyses  of  the 
number  of  minor  processes  in  stage  3  hippocampal  neurons.  Only  in  the  tau  siRNA  treated  group  does  the  number  increase  by  28%  (p  < 
0.001).  Compared  with  control,  the  other  two  groups  showed  no  significant  difference  (p  >  0.05;  n  >  200).  (C)  Quantitative  analyses  of  axonal 
lengths  of  stage  3  hippocampal  neurons.  Compared  with  control,  axonal  lengths  decrease  by  11%  (p  <  0.01),  12%  (p  <  0.01),  and  16%  (p  < 
0.01)  in  the  spastin-depleted  group,  the  tau-depleted  group,  and  the  spastin -I- tau-double  depleted  group,  respectively  (n  >  200).  (D) 
Quantitative  analyses  of  number  of  primary  axonal  branches  in  stage  3  hippocampal  neurons.  For  quantification  of  branches,  we  chose  stage 
3  neurons  with  axons  100-150  pm  in  length.  Compared  with  the  control  group,  there  is  a  40%  (p  <  0.01)  decrease  in  the  number  of  axonal 
branches  in  the  spastin-depleted  group  and  a  56%  (p  <  0.0001)  increase  of  the  number  of  axonal  branches  in  the  tau-depleted  group.  There 
is  no  significant  difference  between  the  control  and  spastin-l-tau-double-depleted  groups  (p  >  0.05;  n  >  200). 


tau  molecules  on  the  surface  of  the  microtubule  (Qiang  et  al., 
2006).  On  this  basis,  we  proposed  a  "tau-protection"  model 
for  the  formation  of  axonal  branches  in  which  tau  is  locally 
detached  from  microtubules  (presumably  by  its  phosphor¬ 
ylation)  at  sites  of  impending  branch  formation;  as  a  result, 
P60-katanin  is  able  to  avidly  sever  the  microtubules  into 
short  pieces,  specifically  in  this  locale  (Baas  and  Qiang,  2005; 
Baas  et  al.,  2006).  At  the  time  we  proposed  this  model,  we 
had  not  yet  performed  any  experiments  on  spastin,  but  our 
current  studies  (see  above)  suggest  that  if  a  tau-protection- 
based  mechanism  does  exist  for  axonal  branching,  that  it 
would  probably  pertain  to  P60-katanin  more  so  than  to 
spastin.  To  investigate  this  matter,  we  tested  the  prediction 
that  axons  of  neurons  depleted  of  tau  with  siRNA  would 
display  more  branches  than  control  axons.  We  also  com¬ 
bined  siRNA  for  tau  with  siRNA  for  spastin,  to  determine 
whether  such  an  effect  stUl  occurs  in  the  absence  of  spastin. 
Neurons  were  treated  with  control  siRNA,  or  tau  siRNA,  or 
spastin  siRNA,  or  the  combination  of  both  tau  and  spastin 
siRNA.  After  allowing  3  d  for  spastin  and  tau  to  be  depleted 
(Qiang  et  al.,  2006),  the  neurons  were  replated  and  allowed 
to  develop  processes  for  24  h  before  being  fixed. 


In  all  cases,  the  majority  of  the  neurons  were  in  stage  3 
after  this  experimental  regime,  except  in  the  spastin-de¬ 
pleted  group,  in  which  there  were  greater  numbers  of  neu¬ 
rons  in  the  earlier  stages  (Figures  1C  and  llA).  Interestingly, 
in  the  double-knockdown  (depletion  of  tau  and  spastin) 
group,  the  suppression  of  development  induced  by  spastin 
siRNA  was  rescued  (Figure  llA).  This  may  be  because  tau 
depletion  results  in  an  increase  in  microtubule  severing, 
whereas  spastin  depletion  results  in  a  decrease  in  microtu¬ 
bule  severing.  The  number  of  minor  processes  was  increased 
by  28%  as  a  result  of  tau  depletion  (Figure  IIB);  which  is 
reminiscent  of  the  increases  in  minor  processes  observed 
when  either  P60-katanin  or  spastin  is  overexpressed  (see 
Figure  2;  see  also  Yu  et  al.,  2005).  Although  spastin  depletion 
within  itself  did  not  significantly  lower  the  number  of  minor 
processes,  the  depletion  of  spastin  did  appear  to  prevent  the 
depletion  of  tau  from  increasing  the  number  of  minor  pro¬ 
cesses.  In  all  experimental  groups,  axonal  lengths  were 
shorter  than  in  controls  (Figure  IIC). 

With  regard  to  branching,  depletion  of  tau  increased  the 
number  of  branches  by  56%  (Figure  IID),  consistent  with  the 
predictions  of  our  tau-protection  hypothesis.  In  neurons 
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depleted  of  spastin,  the  number  of  branches  was  40%  lower 
than  controls.  In  neurons  depleted  of  both  tau  and  spastin, 
the  number  of  branches  was  indistinguishable  for  controls, 
indicating  that  depletion  of  tau  is  able  to  increase  branching 
even,  whereas  the  depletion  of  spastin  is  having  the  opposite 
effect  on  branching.  These  results  indicate  that  the  increase 
in  axonal  branching  associated  with  tau  depletion  occurs 
whether  or  not  spastin  is  present  and  hence  support  the 
conclusion  that  a  tau-based  mechanism  for  axonal  branching 
functions  mainly  via  P60-katanin. 

DISCUSSION 

In  various  studies,  including  this  one,  we  have  never  ob¬ 
served  an  increase  in  axonal  branch  formation  associated 
with  experimental  elevation  of  P60-katanin  (Karabay  et  al., 
2004;  Yu  et  al.,  2005;  Qiang  et  ah,  2006).  However,  here  we 
found  a  very  dramatic  and  consistent  elevation  in  axonal 
branch  formation  associated  with  overexpression  of  spasfin. 
Thus  we  would  conclude  that,  in  a  direct  comparison  of  the 


two  severing  proteins,  the  properties  of  spasfin  are  more 
conducive  to  the  formation  of  branches.  In  support  of  this 
conclusion,  depletion  of  spastin  from  neurons  results  in  a 
fairly  modest  reduction  in  axonal  length,  but  a  far  greater 
reduction  in  the  formation  of  axonal  branches,  in  addition, 
spastin  has  a  far  greater  capacity  to  concentrate  at  sites  of 
branch  formation  (and  growth  cones)  than  does  P60-katanin. 
We  envision  a  model  wherein  neurons  contain  high  levels  of 
P60-katanin  fhat  are  absolutely  essential  for  the  ongoing  sev¬ 
ering  of  microtubules  needed  for  axonal  growth  and  contain 
much  lower  levels  of  spastin  designed  to  participate  in  special¬ 
ized  duties  such  as  axonal  branch  formation.  Even  so,  it  is 
noteworthy  that  branches  can  stiU  form  in  fhe  absence  of  spas¬ 
tin,  and  this  is  consistent  with  previous  observations  on  spas- 
tin-compromised  animals  (Sherwood  et  ah,  2004;  Trotta  et  ah, 
2004;  Orso  et  ah,  2005;  Tarrade  et  ah,  2006;  Wood  et  ah,  2006)  and 
humans  (McDermott  et  ah,  2006;  Salinas  et  ah,  2007).  Our  data, 
presented  here,  suggest  that  there  are  two  different  modes  by 
which  axonal  branches  can  form,  one  that  utilizes  spastin  and 
the  other  than  utilizes  P60-katanin. 
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Figure  12.  Schematic  illustration  of  two  modes  by  which  microtubule  severing  may  be  regulated  at  sites  of  impending  axonal  branch 
formation.  Both  A  and  B  show  the  axon  undergoing  the  formation  of  branch.  (A)  In  the  "katanin  mode,"  microtubule  severing  is  enhanced 
at  sites  of  branch  formation  by  local  detachment  from  the  microtubules  of  proteins  such  as  tau  that  would  otherwise  "protect"  the 
microtubule  from  being  accessed  by  P60-katanin.  In  the  case  of  tau,  which  we  posit  to  be  the  principal  protective  molecule  in  the  axon,  the 
detachment  is  induced  by  local  phosphorylation  of  tau  at  a  site  that  causes  it  to  lose  its  attachment  to  the  microtubule.  (B)  In  the  "spastin 
mode,"  microtubule  severing  is  enhanced  at  sites  of  branch  formation  by  the  concentration  of  more  spastin  molecules  specifically  at  the  site 
where  the  branch  is  forming.  This  mode  is  independent  of  whether  or  not  molecules  such  as  tau  remain  attached  to  the  microtubule.  Each 
of  these  modes  is  presumably  under  the  regulation  of  signaling  cascades.  The  two  modes,  shown  here  separately,  are  not  mutually  exclusive 
and  may  work  in  tandem  during  branch  formation. 
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As  noted  earlier,  the  sequences  of  spastin  and  P60-katanin 
are  very  different  in  regions  other  than  the  AAA  region 
responsible  for  severing  microtubules  (Errico  et  al,  2002; 
Roll-Mecak  and  Vale,  2005;  White  et  ah,  2007).  Thus,  it  may 
be  that  the  other  domains  of  spastin  enable  it  to  influence 
branch  formation  by  means  other  than  the  severing  of  mi¬ 
crotubules.  For  example,  it  is  known  that  branch  formation 
requires  actin  filaments  as  well  as  microtubules  (Dent  and 
Kalil,  2001),  and  therefore  it  is  conceivable  that  spastin  in¬ 
fluences  the  actin  cytoskeleton  in  a  way  that  P60-katanin 
does  not.  Indeed,  the  entire  morphology  of  the  neuron  is 
markedly  altered  after  spastin  overexpression  (i.e.,  greater 
numbers  of  filopodia  and  branches)  in  a  manner  not  dupli¬ 
cated  by  P60-katanin  overexpression.  In  the  future,  it  will  be 
of  interest  to  ascertain  whether  spastin  has  domains  that 
directly  participate  in  pathways  relevant  to  remodeling  of 
the  actin  cytoskeleton. 

For  now,  we  are  persuaded  to  believe  that  the  dramatic 
morphological  differences  produced  by  the  two  severing 
proteins  relate  directly  to  their  distinct  patterns  of  microtu¬ 
bule  severing.  We  have  noticed  in  the  past  that  overexpres¬ 
sion  of  P60-katanin  in  neurons  can  often  result  in  the  ap¬ 
pearance  of  very  long  microtubules  that  appear  to  be  quite 
resistant  to  severing  (Yu  et  al.,  2005),  and  the  same  observa¬ 
tion  was  made  here.  By  contrast,  spastin  overexpression 
appears  to  produce  a  far  more  consistent  "even  chopping"  of 
the  microtubules  into  small  pieces.  In  other  words,  we  have 
not  detected  any  evidence  for  a  population  of  microtubules 
that  are  strongly  resistant  to  severing  by  spastin.  Given  these 
different  severing  patterns,  the  expectation  would  be  that 
spastin  is  capable  of  producing  high  concentrations  of  short 
microtubules,  whereas  P60-katanin's  properties  are  more 
suited  for  generating  mixtures  of  long  and  short  microtu¬ 
bules.  Concentrations  of  plus  ends  of  microtubules  would  be 
expected  to  recruit  a  variety  of  -ttips  which  could  also 
interact  with  structures  within  the  actin-based  cortical  re¬ 
gions  of  the  axon  (Kornack  and  Giger,  2005).  Thus,  the 
enhanced  formation  of  filopodia  and  the  remodeling  of  actin 
required  for  branches  to  form  could  relate  directly  to  the 
manner  by  which  spastin  severs  microtubules. 

What  accounts  for  the  different  microtubule-severing  pat¬ 
terns  of  spastin  and  P60-katanin?  Studies  on  P60-katanin 
suggest  that  its  severing  properties  are  regulated  by  phos¬ 
phorylation,  but  probably  not  phosphorylation  of  P60-ka- 
tanin  itself  (Vale,  1991;  McNally  et  al.,  2002;  Baas  and  Qiang, 

2005) .  Rather,  it  appears  that  in  nonneuronal  cells,  the  phos¬ 
phorylation  state  of  MAP4  is  crucial  for  regulating  the  de¬ 
gree  to  which  P60-katanin  can  sever  microtubules  (McNally 
et  al.,  2002).  The  binding  of  MAP4  to  the  microtubule  appar¬ 
ently  reduces  the  accessibility  of  the  microtubule  to  P60- 
katanin.  Phosphorylation  of  MAP4  causes  it  to  dissociate 
from  the  microtubules,  thereby  permitting  more  robust  sev¬ 
ering  by  P60-katanin.  MAP4  is  not  expressed  in  CNS  neu¬ 
rons,  but  recent  studies  from  our  laboratory  indicate  that  a 
comparable  role  is  played  by  tau  in  the  axon  (Qiang  et  al., 

2006) .  The  fact  that  tau  and  MAP4  are  strong  protectors 
against  P60-katanin  provides  an  appealing  explanation  for 
the  severing  pattern  produced  by  P60-katanin  in  fibroblasts 
and  neurons.  P60-katanin  would  preferentially  sever  micro¬ 
tubules  that  are  less  rich  in  these  protective  proteins,  which 
would  then  cause  progressively  more  depolymerization  of 
these  microtubules.  The  molecules  of  tau  or  MAP4  that  had 
been  associated  with  these  microtubules  would  then  be 
available  to  bind  to  the  microtubules  that  were  already 
richer  in  these  proteins,  thereby  rendering  them  even  more 
resistant  to  severing  and  enabling  them  to  achieve  even 


greater  lengths.  In  this  manner,  the  properties  of  P60-katanm 
would  promote  a  mixture  of  short  and  long  microtubules. 

Our  current  studies  suggest  that  tau  is  a  far  less  influential 
factor  in  the  regulation  of  spastin's  severing  properties.  The 
microtubules  in  the  axon,  rich  in  tau,  show  no  greater  resis¬ 
tance  to  spastin  overexpression  than  the  tau-deficient  micro¬ 
tubules  located  in  other  compartments  of  the  neuron.  More¬ 
over,  axons  depleted  of  tau  undergo  markedly  more 
branching,  and  this  effect  is  independent  of  whether  or  not 
spastin  is  present.  These  results  are  consistent  with  an  alter¬ 
native  mechanism  for  axonal  branching  based  on  the  prop¬ 
erties  of  P60-katanin.  In  this  mechanism,  tau  is  locally  de¬ 
tached  from  the  microtubules  at  a  site  of  impending  branch 
formation.  As  a  result,  P60-katanin  can  produce  the  local¬ 
ized  chopping  of  microtubules  needed  for  the  branch  to 
form.  This  idea,  which  we  have  discussed  in  the  past  (Baas 
and  Qiang,  2005;  Baas  et  al.,  2006),  does  not  require  a  local 
concentration  of  P60-katanin,  but  rather  a  focal  increase  in 
the  sensitivity  of  the  microtubules  to  P60-katanin.  This  pro¬ 
cess  would  presumably  be  regulated  by  kinases  and  phos¬ 
phatases  that  phosphorylate  or  dephosphorylate  tau  at  mo¬ 
tifs  required  for  it  to  bind  microtubules.  Although  our 
results  suggest  that  tau  is  probably  the  main  player  in  such 
a  scenario,  there  may  be  other  microtubule-associated  pro¬ 
teins  in  the  axon  that  conspire  in  regulating  the  sensitivity  of 
the  microtubules  to  P60-katanin. 

In  conclusion,  we  propose  that  there  are  two  modes  by 
which  microtubule  severing  is  orchestrated  during  axonal 
branch  formation,  one  based  on  the  local  concentration  of 
spastin  at  branch  sites  and  the  other  based  on  local  detach¬ 
ment  from  microtubules  of  molecules  such  as  tau  that  reg¬ 
ulate  the  severing  properties  of  P60-katanm  (see  Figure  12). 
Each  of  these  modes  is  presumably  under  the  regulation  of 
signaling  cascades  that  regulate  such  events  as  the  phos¬ 
phorylation  of  tau,  the  attachment  or  detachment  of  other 
protective  proteins,  and  the  localization  of  spastin  to  sites  of 
impending  branch  formation.  The  formation  of  a  particular 
branch  could  utilize  one  mode  or  the  other,  or  some  combi¬ 
nation  of  the  two  modes,  working  in  tandem. 
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